Curr Microbiol (2015) 70:506-513
DOI 10.1007/s00284-014-0749-7

Characterization of the Ability to Form Biofilms
by Plant-Associated Pseudomonas Species

AKihiro Ueda - Hirofumi Saneoka

Received: 18 September 2014/ Accepted: 29 October 2014 /Published online: 7 December 2014

© Springer Science+Business Media New York 2014

Abstract Successful colonization is the initial step for
plant-bacteria interactions; therefore, the development of
strategies to improve adherence to plant surfaces is criti-
cally important for environmental bacteria. Biofilm for-
mation is thought to be one such strategy for bacteria to
establish stable colonization on inert and living surfaces.
Although biofilms play potential roles in enabling persis-
tent bacterial colonization, little attention has been paid to
biofilms formed by plant-associated bacteria. In this study,
we characterized the biofilm-forming ability of 6 species of
bacteria from the family Pseudomonadaceae: Pseudomonas
protegens, Pseudomonas fluorescens, Pseudomonas putida,
Pseudomonas stutzeri, Pseudomonas mendocina, and
Pseudomonas syringae. These strains exhibit different
degrees of biofilm formation depending on incubation time
and nutrient availability. Distinct preferences for growth
media were observed, as biofilms were formed by P. pro-
tegens with rich nutrients and by P. fluorescens and P.
putida with poor nutrients. Likewise, P. stutzeri did not
form biofilms with rich nutrients but did form biofilms
under nutrient-poor conditions. These observations indicate
that particular components in media may influence biofilm
formation. P. putida, one of the strains with high biofilm-
forming ability, showed the highest ability for initial
attachment, which may be mediated by the hydrophobicity
of its cell surface. P. mendocina also has high ability for
initial attachment, and this strain produces cell surface-
attached extracellular polysaccharides that promote cell
aggregation. Thus, each strain possesses different proper-
ties that facilitate biofilm formation. Shedding light on
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bacterial strategies for colonization via biofilm formation
would enable a better understanding of plant-bacteria
interactions.

Introduction

Bacteria have two different lifestyles: a motile form in
aqueous environments and a sessile form on liquid—solid
interfaces. The former is a freely swimming style driven by
flagellar motility, and the latter is a cell-to-cell aggregated
style mediated by so-called biofilms. In natural environ-
ments, many bacterial species live in biofilms that adhere
to both living and inert surfaces. Biofilms are densely
packed bacterial communities that encase bacterial aggre-
gates in a complex hydrated matrix of extracellular poly-
saccharides (EPS), extracellular DNAs (eDNA), and
proteins [22, 29]. In developing biofilms, bacteria grow
slowly at locations at which they are attached and establish
biofilm architectures by continuous production of eDNA
and EPS. Consequently, bacteria inside biofilms increase
the size of their population while staying at the same place,
and expand their colonizing area by expanding the biofilm.
In addition, bacterial cells in biofilms acquire resistance
against antimicrobials because well-developed biofilm
structures inhibit the penetration of antimicrobials [2]. Due
to these characteristics, infections by pathogens with ability
to form biofilms often become persistent, as seen in the
case of infections by Pseudomonas aeruginosa, an oppor-
tunistic pathogen, in cystic fibrosis [22]. Thus, the bio-
logical functions of biofilms are characterized as follows:
(1) they provide an abode for bacterial cells that enables
them to colonize surfaces persistently, (2) they facilitate
the stable growth of bacterial populations on colonized
sites, and (3) they increase tolerance to antimicrobial
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compounds. Therefore, elucidating the mechanisms of
biofilm formation and discovering tools to control bacterial
biofilm formation are emerging topics in the study of
plant—bacteria interactions [1].

The process of biofilm formation consists of four steps:
initial attachment, EPS and eDNA production, biofilm
maturation, and biofilm dispersion [17]. Freely floating
bacteria initiate the formation of biofilms by attaching to
solid surfaces and releasing EPS and eDNA, thereby
establishing biofilm layers that enable additional bacteria to
adhere. Continuous production of EPS and eDNA induces
the mature biofilm structure, as seen in the mushroom-
shaped biofilms formed by P. aeruginosa [12]. If part of a
highly developed biofilm structure is collapsed for any
reason, the bacteria released from the biofilm establish
another biofilm community at another location. Thus, each
stage of the life cycle of biofilms is governed by different
biological processes.

Bacterial cells inside biofilm communities communicate
during biofilm formation using different types of chemical
tools. 3',5'-Cyclic-di-guanylate (c-di-GMP) regulates
switching the bacterial lifestyle from the motile form to the
sessile form [21]. Increasing cellular c-di-GMP concen-
tration facilitates bacterial attachment to surfaces and the
production of EPS and eDNA and represses flagellar
motility; therefore, it is a positive regulator of biofilm
formation [27, 28]. On the other hand, cis-2-decenoic acid
has been shown to be a negative regulator of biofilm for-
mation, because addition of this fatty acid in biofilms
promotes biofilm dispersion [3]. In P. aeruginosa, the
model bacteria for biofilm research, two different classes of
quorum-—sensing molecules control the development of
biofilm structures [4], and it has been proposed that quorum
sensing regulates biofilm formation via c-di-GMP pro-
duction [27]. Environmental cues, including pH, nutrients,
temperature, and so on, also influence biofilm formation
via the production of these signal molecules, although the
responses to these factors vary among bacterial species. In
addition, cell surface properties affect biofilm formation, as
bacteria with hydrophobic properties have a better ability
for initial attachment and biofilm formation [6]. Thus,
biofilm formation is governed by various factors.

Crop plants interact with environmental bacteria both in
the rhizosphere, which surrounds root surfaces, and in the
phyllosphere, which surrounds shoot surfaces. For exam-
ple, beneficial bacteria promote plant growth by providing
nutrients, hormones, and unknown molecules, and patho-
genic bacteria cause disease symptoms by attacking host
cells with toxins. In host-bacteria interactions, bacterial
attachment on host surfaces is the first step that controls
successful colonization. However, the relevance of biofilm
formation on host growth has yet to be understood in terms
of plant—bacteria interactions because of the limited

information available on biofilm formation by plant-asso-
ciated bacteria [13]. Pseudomonads are ubiquitous inhab-
itants of water, soil, and plant surfaces, and some species
interact with plants, either as beneficial or pathogenic
bacteria [19]. In this study, we examined the profiles of
biofilm formation by Pseudomonas protegens, Pseudomo-
nas fluorescens, and Pseudomonas putida as beneficial
bacteria [15, 24], Pseudomonas stutzeri and Pseudomonas
mendocina as nonpathogenic bacteria [7, 30], and Pseu-
domonas syringae as a pathogenic bacterium [20]. An
investigation of the ability of these plant-associated bac-
teria to form biofilms would provide a better understanding
of how they influence plant growth via the phyllosphere or
rhizosphere.

Materials and Methods
Bacterial Strains and Growth Conditions

Bacterial strains used in this study were as follows: P.
protegens Pf-5, P. fluorescens Pf0-1, P. putida KT2440, P.
stutzeri A1501, P. mendocina NBRC 14162, and P. sy-
ringae B728a. Bacteria were routinely grown at 28 °C in
Luria—Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast
extract, 10 g/LL NaCl), M9 minimal medium (6 g/L
Na,HPO,, 3 g/ KH,PO,, 1 g/LL NH4CI, 0.5 g/l NaCl,
0.25 g/ MgSO, 7TH,0, 0.2 % (w/v) glucose), or King’s B
(KB) medium (20 g/L peptone, 1.5 g/L. KH,PO,, 1.5 g/LL
MgSO,4 7TH,0, 1 % (w/v) glycerol) at 125 rpm.

Biofilm Formation

Biofilm formation was examined in 96-well polystyrene
plates as described previously [25, 26]. Briefly, bacterial
overnight cultures were diluted with fresh medium to a
turbidity of 0.05 at 600 nm, and then 150 pL of each
bacterial culture was incubated per well in 96-well poly-
styrene plates for 2, 4, 8, 24, and 48 h at 28 °C without
agitation. Three to six wells were used for each strain, and
2 independent cultures were tested. After incubation, tur-
bidity was monitored at 620 nm to estimate the amount of
free-living bacterial cells that did not participate in forming
biofilms. Plates were rigorously washed 3 times with dis-
tilled water, and biofilms were stained with 0.1 % (w/v)
crystal violet for 30 min at room temperature. After
staining, plates were again washed 3 times with distilled
water and then were air-dried for 30 min. To quantify
biofilms, 200 pL of 95 % ethanol was added to each well,
and the absorbance was measured after vigorous shaking
for 30 s at 540 nm using a microplate reader (Sunrise,
TECAN, Switzerland).
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Phenotypic Characterization

Bacteria grown in LB medium at 28 °C were diluted to a
turbidity of 0.001 at 600 nm with fresh LB medium and
2 pL of diluted bacterial culture was spotted onto an LB
plate to observe colony morphology or a Congo red plate
(10 g/ peptone, 40 pg/mL Congo red, 20 pg/mL Coo-
massie brilliant blue R250) to investigate Congo red
absorption by bacterial colonies [8]. Plates were incubated
at 28 °C for 5 days. Pellicle formation was tested under
static culture conditions. Five milliliters of the diluted
bacterial culture mentioned above was placed in a sterilized
polycarbonate glass tube. After incubation at 28 °C for
7 days, pellicle formation was determined by observing
whether floating biofilms had developed in the interface
between air and liquid.

Initial Attachment

To estimate the ability of bacteria for initial attachment
onto a polystyrene surface, bacterial overnight cultures
were diluted to a turbidity of 1.0 at 600 nm with fresh LB
medium, and 150 pL of diluted bacterial culture was added
to each well of 96-well polystyrene plates. Three wells
were used for each strain, and 2 independent cultures were
tested. After incubation at 28 °C for 15, 30, and 60 min,
each well was washed gently by pipetting and stained with
0.1 % (w/v) crystal violet as described above, except that
in this case, to maximize detection of attached bacteria,
washing was carried out by gentle pipetting. Initial
attachment for each strain was monitored at 540 nm using
a microplate reader.

Cell Surface Hydrophobicity

Surface hydrophobicity of bacterial cells was determined
as described previously [31]. Briefly, bacterial cells grown
in LB medium were collected by centrifugation at
15,000g for 2 min and washed with PUM buffer (150 mM
potassium phosphate, 30 mM urea, 0.8 mM MgSO,, pH
7.0). Bacterial cells were then collected by centrifugation
again and resuspended in PUM buffer to a turbidity of
approximately 2.5 at 600 nm. One milliliter of cell sus-
pension was vigorously mixed in glass tube with 500 pL of
xylene for 1 min, and then the tube was placed at room
temperature for 30 min. This procedure allows for bacterial
cells with a hydrophobic cell surface property to be cap-
tured in the xylene layer and at the xylene—PUM interface.
Thus, it was possible to calculate cell surface hydropho-
bicity (%) with the following equation: (turbidity of PUM
layer at 600 nm with xylene)/(turbidity of PUM layer at
600 nm without xylene) x 100.
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EPS Production

EPS production was determined as follows. The amount of
EPS attached to bacterial cell surfaces was quantified as
described previously [14, 27]. Bacterial cultures grown in
LB were collected by centrifugation at 15,000g for 2 min
and washed with T-broth (10 g/L peptone) twice. Then, the
turbidity of the bacterial culture at 600 nm was adjusted to
2.5 in T-broth with Congo red at 40 pg/mL, and the culture
was then incubated at 28 °C for 2 h at 125 rpm. Next,
Congo red that had attached to the EPS on cell surfaces was
collected with bacterial cells by centrifugation at
15,000g for 10 min, and the concentration of Congo red
remained in the supernatant was measured using Congo red
standard solution. Finally, the amount of EPS attached to
cell surfaces was estimated using the following equation:
(amount of Congo red added in the culture) — (amount of
Congo red remained in the supernatant of the culture).
T-broth with 40 pg/mL Congo red was used as the blank.
For EPS released in the culture medium, bacteria were
grown in LB medium at 28 °C for 18 h at 125 rpm, and
500 pL of supernatant was collected by centrifugation at
15,000g for 5 min. After the addition of 1.5 mL isopro-
panol, the EPS was precipitated by centrifugation at
15,000g for 15 min and washed with 70 % (w/v) ethanol.
EPS pellets were dissolved in 500 pL distilled water, and
200 pL of the resulting solution was incubated with 1 mL
of 0.2 % (w/v) anthrone-H,SO, at 100 °C for 7.5 min.
After the absorbance at 620 nm was measured, EPS pro-
duction was calculated using a glucose standard.

Results and Discussion

Characterization of Biofilm Forming Ability
in Pseudomonads

To gain insight into biofilm formation by plant-associated
bacteria, we characterized the biofilm-forming abilities of
P. protegens, P. fluorescens, P. putida, P. stutzeri, P.
mendocina, and P. syringae. We investigated two different
types of biofilms formed by these bacteria: surface-
attached biofilms (Fig. 1a) and floating biofilms, termed
“pellicles,” which are formed at the air-liquid interface of
a static liquid culture [8] (Fig. 1b). Biofilm formation on
the surfaces of polystyrene plates was quantified using
three different media (LB medium, M9 minimal medium,
and KB medium) that are routinely used in general
microbiology techniques. According to the manufacturer’s
information and the recipe we used for medium prepara-
tion, total nitrogen concentration was 1.9, 0.3, and 3.1 g/L
in LB medium, M9 minimal medium, and KB medium,
respectively. Therefore, in comparison with the nutrient-
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Fig. 1 Two different types of biofilms investigated in this study.
a Biofilms formation on the inner surfaces of polystyrene plate wells
by P. protegens (left) and P. fluorescens (right) in LB medium after
8 h incubation. Ring-shaped biofilms were stained using crystal
violet. b Robust pellicles were formed at the air-liquid interface in the
static cultures by P. protegens (left), but not by P. fluorescens at
28 °C for 5 days

poor M9 minimal medium, LB and KB media are nutrient-
rich media with different types of carbon sources. To
monitor the population of planktonic cells that did not
participate in biofilm structures, the turbidity at 620 nm
(ODg¢0) was measured before quantification of biofilm
formation in 96-well plates. Vigorous growth was observed
in KB and LB media (ranging from 0.38 to 1.81 of ODgjy
at 24 h) but not in M9 minimal medium (ranging from 0.04
to 0.28 of ODgj at 24 h) (Fig. 2). Of the 6 strains tested,
biofilms formed by P. protegens, P. fluorescens, and P.
putida were relatively more abundant than those formed by
P. stutzeri, P. mendocina, and P. syringae, although the
degree of biofilm formation depended on the medium used
(Fig. 2). The degree of biofilm formation by P. protegens
gradually increased up to 8 h in LB, M9 minimal, and KB
media but began to decrease after 24 h (Fig. 2a). Similar
trends in biofilm formation were observed for P. fluores-
cens, P. putida, and P. mendocina, as the amount of bio-
films formed peaked at 4 h in LB and KB media (Fig. 2b,
¢, e). P. fluorescens and P. putida gradually formed bio-
films in M9 minimal medium and continued to increase
biofilm production up to 48 h. Finally, the amount of
biofilms formed by these strains was greater in M9 minimal
medium than in LB and KB media (Fig. 2b, c). On the
other hand, P. protegens formed biofilms poorly in M9
minimal medium (Fig. 2a). In contrast to these 4 strains,

which were able to form biofilms in all media tested, P.
stutzeri only formed biofilms in M9 minimal medium
(Fig. 2d), and P. syringae did not form biofilms in LB and
M9 minimal media but formed a small number in KB
medium (Fig. 2f). Thus, the pseudomonads examined dif-
fered in their biofilm-forming behavior. Apart from the
intrinsic characteristics of bacterial strains, culturing con-
ditions may also influence biofilm formation.

Bacteria significantly increased their planktonic popu-
lations under nutrient-rich conditions, as evidenced by the
higher turbidity observed at 620 nm (Fig. 2). However, an
increase in the size of planktonic populations did not
always stimulate biofilm formation. For example, P. fluo-
rescens, P. putida, and P. stutzeri tended to develop
planktonic populations in the nutrient-rich media and bio-
film populations in the nutrient-poor medium (Fig. 2b, c).
These results indicate that nutrient availability in media
influences biofilm formation. It has been reported that, with
the exception of Escherichia coli O157:H7, bacteria seem
to form biofilms in nutrient-rich environments and to
detach from biofilms to search for nutrients in nutrient-poor
environments [5, 17]. This appears to be the case of biofilm
formation by P. protegens, P. fluorescens, and P. mendo-
cina, as the obvious decreases in the amount of biofilms
were observed in rich media after 4 or 8 h of incubation
may have been due to nutrient deficiency.

Another possible mechanism is the effect of particular
components in media on biofilm formation. For example,
the importance of cellular ion homeostasis in biofilm for-
mation is indicated by the fact that inactivation of the
functional Na™/H" transporter (e.g. the Sha transporter)
increased biofilm formation [26]. Loss of the function of
Na® excretion may cause Na® hyperaccumulation that
negatively affects cellular biological processes. In the case
of E. coli, expression of the pga gene, which is responsible
for production of biofilm adhesin, is inducible by NaCl
stress [9]. These observations implies that high salinity
promotes bacterial biofilm formation. P. protegens and P.
mendocina, which form more biofilms under nutrient-rich
environments, have higher amount of biofilms in LB
(containing 218 mM Na™) rather than in KB (containing
22 mM Na™). Phosphate availability can also modulate
signaling pathways of biofilm formation via c-di-GMP
production, as P. fluorescens formed more biofilms under
higher concentration of phosphate [16]. In agreement, the
amount of biofilms formed by P. fluorescens was greater in
M9 minimal medium (containing 64 mM phosphate) than
in LB medium (4.4 mM) and KB medium (0.9 mM) in our
study (Fig. 2b). Because P. putida, P. stutzeri, and P.
mendocina also preferred to stay in biofilm forms rather
than in planktonic forms in M9 minimal medium (Fig. 2c,
d, e), some pseudomonads share the same mechanism of
biofilm formation through availability of phosphate. In this
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Fig. 2 Time-course analysis of biofilm formation (/eff) and growth of
planktonic cells (right) by a P. protegens, b P. fluorescens, ¢ P.
putida, d P. stutzeri, € P. mendocina, and f P. syringae. Biofilm
formation was examined at 28 °C in the static culture with LB
medium (closed circle), M9 minimal medium (closed triangle), and

study, P. fluorescens, P. putida, and P. stutzeri formed
more biofilms in M9 minimal medium, which contains
glucose as a carbon source, than in LB and KB media. The
relevance of carbon source availability to biofilm formation
has been shown in E. coli [S] and P. aeruginosa [23]. In
particular, glucose plays a key role as a stimulator of
biofilm formation [5] and glucose starvation induces bio-
film dispersion [10]. Because glucose is one of the most
abundant sugar components in the biofilm matrix [8],
glucose availability may directly influence biofilm forma-
tion. Notably, biofilm formation seemed to be tightly reg-
ulated in P. stutzeri, as this bacterium did not form biofilms
in rich media (Fig. 2d). The fact that unattached P. stutzeri
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King B medium (open circle). In prior to quantification of biofilm
formation, unattached planktonic cells were monitored at ODg,q. Data
showed the average of 2 independent experiments + standard
deviation

cells were more abundant in rich media than in the M9
minimal medium suggests that critical cues (such as the
availability of the carbon source or nutrition deficiency)
may be required for biofilm formation by P. stutzeri.

We also investigated colony morphology on agar plates,
as bacteria displaying rugose colonies form more robust
biofilms than those displaying smooth colonies [27]. Under
the conditions used, all the strains examined formed
smooth colonies (Table 1). Therefore, these pseudomonads
do not seem to be robust biofilm formers. In addition,
pellicle formation was tested, since the pellicle is recog-
nized as a floating type of biofilm found at liquid—air
interfaces [8]. Figure 1b shows the pellicles formed by P.
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Table 1 Phenotypic characterization of plant associated Pseudomo-
nas species

Strain Colony morphology Pellicle formation
P. protegens Smooth +
P. fluorescens Smooth -
P. putida Smooth +
P. stutzeri Smooth +
P. mendocina Smooth +
P. syringae Smooth -

protegens after 5 days of static culture. Pellicle formation
was also observed in static cultures of P. putida, P. stutzeri,
and P. mendocina but not in those of P. fluorescens and P.
syringae. Thus, in addition to possessing the ability to form
biofilms on solid surfaces (Fig. 2), P. protegens, P. putida,
P. stutzeri, and P. mendocina were able to form cell-to-cell
aggregates as floating biofilms.

Efficient Biofilm Formers Have Higher Initial
Attachment Ability and Cell Surface Hydrophobicity

In general, biofilm formation is triggered when floating or
swimming bacteria encounter surfaces; therefore, initial
attachment is an essential step in biofilm formation [17].
To examine this ability, the number of attached cells within
15 to 60 min after inoculation in 96-well plates was
determined. Gentle pipetting was used to wash away
unattached cells to minimize the disruption of the attached
cells on the polystyrene plates, because bacterial cells
attached at the early stage of biofilm formation are easily
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Fig. 3 Initial attachment ability of pseudomonads grown in LB
medium at 28 °C. Bacterial cells attached to inner surfaces of
polystyrene plates were quantified at 15 min (black bar), 30 min
(gray bar), and 60 min (white bar) as described in materials and
methods. Data showed the average of 2 independent experi-
ments + standard deviation

removed by rigorous washing. The strain with the highest
ability for initial attachment was P. putida (Fig. 3). Three
other strains, P. protegens, P. fluorescens, and P. mendo-
cina, were also able to attach to a polystyrene surface
within 15 to 60 min; however, attachment was not signif-
icantly detected in dense cultures of P. stutzeri and P. sy-
ringae (Fig. 3). Initial bacterial attachment leads to
consequent biofilm maturation; therefore, a low ability for
initial attachment resulted in poor biofilm formation, as
seen in P. stutzeri and P. syringae.

Cell surface hydrophobicity contributes to bacterial
surface attachment and thus biofilm formation [6]. In this
study, we evaluated the surface hydrophobicity of bacterial
cells using a hydrocarbon-based method of analysis that is
often used in biofilm studies [31]. As shown in Fig. 4, P.
putida had the highest cell surface hydrophobicity, and the
other strains had relatively hydrophilic cell surfaces. It is
likely that possessing cell surface hydrophobicity contrib-
utes to the increased ability for initial attachment. There-
fore, the biofilm formation observed in P. putida likely
occurred through hydrophobic interactions with polysty-
rene materials.

EPS Production Does Not Always Facilitate Biofilm
Formation

When establishing biofilm structures, bacteria produce EPS
to adhere persistently to attachment sites. To investigate
whether EPS is produced in dynamic culturing environ-
ments such as those found in shaking but not in static
cultures, the amount of EPS released in the liquid medium
was quantified wusing anthrone-reacting substances.
Although P. protegens formed rich biofilms in the static
cultures (Fig. 2a), this strain poorly produced EPS in
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Fig. 4 Cell surface hydrophobicity of pseudomonads grown in LB
medium at 28 °C. Data showed the average of 2 independent
experiments + standard deviation
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shaking cultures (Fig. 5). This observation indicates that P.
protegens may tightly regulate EPS production and only
release it in response to environmental cues. Notably, P.
syringae produced more EPS than the other pseudomonads.
Because P. syringae is a poor biofilm former (Fig. 2f), EPS
released from this bacterium may have different role,
probably as a kind of pathogenic mechanism rather than as
an agent for biofilm maturation [18]. The amount of EPS
attached to cell surfaces was also quantified using a red dye
(Congo red) that binds to EPS [14, 27]. Only P. mendocina
had surface-attached EPS, at a concentration of
0.54 £ 0.06 pg/mL (data not shown). Production of sur-
face-attached EPS has also been observed in hyperbiofilm-
forming bacteria; thus, surface-attached EPS could play a
role in facilitating cell-to-cell aggregation [14, 27]. Sur-
face-attached EPS appears to participate in promoting
biofilm formation in the case of P. mendocina, but this
characteristic seemed to be unique among the pseudomo-
nads examined in this study.

Because the bacteria used in this study belong to the
same family, Pseudomonadaceae, these bacteria may share
large amounts of genomic information [24]. In P. aeru-
ginosa, the model bacterium for biofilm research, the loci
related to biofilm formation were identified as the pel and
psl loci [8, 11]. These clusters are predicted to encode
proteins for polysaccharides synthesis and transport, which
are essential for biofilm formation. A search of genomic
databases revealed that the pel gene cluster is conserved in
P. protegens and P. syringae, whereas the psl/ gene cluster
is conserved in P. protegens. The genomes of P. fluores-
cens, P. putida, and P. stutzeri do not seem to have com-
plete pel or psl gene clusters. Therefore, these strains seem
to differ in regards to their regulatory mechanisms for
biofilm formation.
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In this study, we characterized the biofilm-forming
ability of plant-associated pseudomonads. Investigation of
biofilm-related phenotypes such as initial attachment, cell
surface hydrophobicity, and EPS production revealed that
different bacterial species have different characteristics that
facilitate biofilm formation. For example, P. putida pos-
sesses cell surface hydrophobicity, which is advantageous
for the initial attachment at the start of biofilm formation,
whereas P. mendocina produces cell surface-attached EPS,
which promotes the formation of cell-to-cell aggregation,
and thereby biofilm formation. The pseudomonads exam-
ined also had different manners of biofilm formation that
could be affected by nutrient availability, suggesting the
existence of complicated regulatory mechanisms for bio-
film formation. Roles of each components (minerals,
nitrogen, carbon, etc.) in media that affect bacterial growth
should be also studied to understand mechanisms of biofilm
formation. Since biofilm formation causes persistent colo-
nization [22], a better understanding of its mechanisms in
plant-associated bacteria will provide useful information
about interactions between plants and bacteria.
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