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ARTICLE INFO ABSTRACT

Keywords: We aimed to assess how biofilm formation by three Bacillus isolates was affected by changes in temperature,
Biofilm water potential, growth media, time, and the combinations between these factors. The strains had been selected
Bad,llus . as potential biological control agents (BCAs) in earlier studies, and they were identified as B. subtilis and
i[r;\iﬁ?t;mental conditions B. velezensis spp. through 16 rRNA sequencing and MALDI-TOF MS. Maize leaves (ML) were used as one of the
Phyllosphere growth media, since they made it possible to simulate the nutrient content in the maize phyllosphere, from which

the bacteria were originally isolated. The strains were able to form biofilm both in ML and biofilm-inducing MSgg
after 24, 48, and 72 h. Biofilm development in the form of pellicles and architecturally complex colonies varied
morphologically from one strain to another and depended on the conditions mentioned above. In all cases,
colonies and pellicles were less complex when both temperature and water potential were lower. Scanning
electron microscopy (SEM) revealed that changing levels of complexity in pellicles were correlated with those in
colonies. Statistical analyses found that the quantification of biofilm produced by the isolates was influenced by
all the conditions tested. In terms of motility (which may contribute to biofilm formation), swimming and
swarming were possible for all strains in 0.3 and 0.7% agar, respectively. A more in-depth understanding of how
abiotic factors influence biofilm formation can contribute to a more effective use of these biocontrol strains
against pathogens in the maize phyllosphere.

1. Introduction

Bacteria can live in biofilms, which are organized communities of
aggregated cells embedded in a self-produced extracellular polymeric
matrix (EPS) [1]. In fact, more than 99% of all bacteria exist in this form
[2]. More than half of the total bacterial population on parsley, endives,
and alfalfa sprouts has been observed to live in biofilms [3-5]. More
generally, 70% of the bacteria on leaves have this lifestyle [6]. The
structural complexity of biofilms enhances bacterial survival, adaptation
and dissemination in natural, industrial and medical systems [7]. Bio-
films can help the cells of both harmful and potentially beneficial bac-
teria to become attached to the leaf surface and colonize it, as well as

offer protection against adverse conditions [6,8].

The phyllosphere is a complex above-ground ecosystem where spe-
cific but dynamic interactions take place between the host plant and the
existing microbial communities. These communities should be adapted
to fluctuating conditions regarding temperature, light, UV radiation,
and water and nutrient availability [9]. Their composition and diversity
vary depending on such environmental elements, as well as on plant
species, leaf age, and the co-existence with other pathogenic and
non-pathogenic microorganisms [10,11]. They may inhabit the leaf’s
external and internal surfaces, i.e. they may be either epiphytes or en-
dophytes. Many of them play an important role in protecting the plant
against foliar diseases or in limiting adverse effects on plant health and
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productivity [12]. They are able to do so thanks to their intimate asso-
ciations with the leaves, their adaptability, and the fact that they share
the same niche as the pathogens, which typically undergo an epiphytic
phase before entering the plant cell or the apoplast (intercellular space)
[13]. For this reason, a fast-growing field of research focuses on mi-
croorganisms with the ability to biocontrol such diseases, as is the case
of the remarkably popular Bacillus species [14].

As part of biocontrol strategies, therefore, leaves may be inoculated
with epiphytic microorganisms isolated from the same ecosystem as the
foliar pathogens they are supposed to antagonize. The ability of these
microorganisms to form aggregates and produce signaling compounds
enables them to become attached to the leaf surface and create biofilm,
which in turn makes them more likely to successfully inhibit pathogens
[5]. This is why biocontrol schemes in agriculture could benefit from
more in-depth knowledge about biofilm’s involvement in the in-
teractions between biocontrol agents and pathogens, in terms of
competition for space and nutrients, tolerance/resistance, and physi-
ology [15,16]. Several studies have looked into how biofilm formation
changes depending on the bacterial strain and factors such as temper-
ature, pH, nutrient availability, minerals, the flow of fluids, plant de-
fense compounds, and surfactants [17]. For example, the combination of
low or high temperature with an optimum or reduced water regime
systemically influences the interaction between Bacillus amyloliquefa-
ciens strain S499 and the plants it colonizes [18].

Maize (Zea mays L.) is one of the main crops grown in Argentina, with
an average annual production of 54 million tons and a planting area of
7.7 million ha [19]. It is commonly affected by the endemic disease
known as Northern corn leaf blight (NCLB), caused by foliar pathogen
Exserohilum turcicum (Pass.) Leonard and Suggs (Syn. Helminthosporium
turcicum Pass.) [20]. In a previous study, we selected microbial isolates
from the maize phyllosphere, on the basis of their ability to compete
against E. turcicum and alter its growth parameters. This ability was
measured through a dominance index. At water potential values (¥) of
—1.38 MPa and —4.19 MPa, three Bacillus isolates were dominant at a
distance (5/0) and significantly reduced the pathogen’s growth rate in
vitro by between 84 and 98% [21]. A second in planta study in the
greenhouse started out with 11 Bacillus isolates, and the same three as
before showed potential as biological control agents against E. turcicum
[22]. Since the real efficiency of an agent of this kind can only be
confirmed on the field, another study [23] measured the incidence of
NCLB and common rust on a maize field, after applying the antagonists
selected in vitro and in planta. In agreement with the earlier observations,
the incidence of both diseases was significantly reduced. In the case of
NCLB, incidence was over 50% lower after 40 days of initial inoculation
with the Bacillus spp.

Later, eight isolates from the maize phyllosphere, including the three
Bacillus strains from the previous assays, were analyzed for their modes
of action and their tolerance to different environmental conditions.
Their antagonistic potential differed according to their mode of action
(enzymatic activity, the production of volatile organic compounds, and/
or direct antibiosis through other secondary metabolites). In addition,
they were tolerant to changes in UV radiation, temperature, and osmotic
stress, and thus more likely to survive on the leaf surface [24].

Although the ubiquity of biofilm probably means that it is critical for
bacterial persistence in a given ecosystem, very few studies have
considered its role in agriculture and particularly in the ecology of po-
tential biocontrol agents in the maize phyllosphere. This is a key piece of
information when designing preventive biocontrol strategies. For this
reason, the present study assessed the ability of the three previously
selected Bacillus isolates to form biofilm under varying conditions. More
specifically, our aims were: (a) to complete the identification of the
isolates; (b) to determine their ability to form biofilms in vitro; (c) to
investigate the effects of temperature, water potential, growth media
and time on this ability; and (d) to evaluate the isolates’ motility under
different conditions.
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2. Methods
2.1. Identification of biological control agents (BCAs)

The three Bacillus spp. isolates used in this study were taken from the
leaves of maize grown in the province of Cérdoba, Argentina. They had
been previously selected as potential biological control agents (BCAs)
against E. turcicum [21-24]. Their identification at the genus level [21]
followed Bergey’s Manual of Systematic Bacteriology [25]. Further
identification was achieved on the basis of biochemical traits using API
50 CH (bioMérieux, Lyon, France), as well as molecularly through
16S-23S RNA sequencing. Isolates EM-A7 and EM-A8 were found to be
highly similar to B. subtilis, whereas EM-A6 could not be strongly
discriminated among Bacillus species [24].

Matrix-assisted laser desorption/ionization-time of flight mass spec-
trometry (MALDI-TOF MS Bruker Daltonik®, Bremen, Germany) was per-
formed here to complement the earlier identification studies. Ethanol formic
acid was used for extraction and the assay was carried out by the Laboratorio
de Bacteriologia Hospital de Clinicas José de San Martin (Universidad de
Buenos Aires, Argentina). A score was obtained for each isolate. Guidelines
by the National Network for Microbiological Identification by Mass Spec-
trometry in Argentina (RENAEM) (http://anlis.gov.ar/renaem/) suggest
there should be a minimum 10% difference between the first and the second
matching species for a different species to be identified [26]. The score
cut-offs recommended by the manufacturer were >2.000 for species level,
1.700 to 1.999 for genus level, and <1.700 for non-reliable identification.
The results were confirmed by 16S rRNA sequencing as the reference
molecular technique. The sequences were obtained with sequencing
primers 785F 5'-GGATTA GATACCCTGGTA-3' and 907R 5'-CC
GTCAATTCMTTTRAGTTT-3' and PCR primers 27F 5-AGAGTTTGA
TCMTGGCTCAG-3 and 1492R 5'-TACGGYTACCTTGTTACG ACTT-3' from
the sequencing service of Macrogen Inc. (Seoul, Korea). Their degree of
similarity at DNA level with reported sequences was established using
BLAST (Search Tools for Local Alignments, URL: http://www.ncbi.nlm.nih.
gov/BLAST/Blast.cgi). The 16s rRNA sequencing data were registered in
GenBank under accession numbers OL704803-OL704805.

The three isolates were stored at —20 °C in skim-milk medium
(Tryptic soy broth, milk 20% p/v) (Britania, BA, Argentina) with the
addition of 20% v/v glycerol.

2.2. Development of biofilm in the form of pellicles and architecturally
complex colonies

The pellicle assays followed [27,28] with minor modifications. First,
the three isolates (EM-A6, EM-A7 and EM-A8) were individually grown
overnight in Nutrient Broth (NB) (5 g 1™! pluripeptone and 5 g 1! meat
extract) (Britania, BA, Argentina) at 30 °C and 140 rev min~!. The cells
were diluted (1:100) in 40 ml of NB and incubated at 30 °C on a rotary
shaker (140 rev min’l) (Model BMO081, Biomint, Argentina) until
reaching ODgoo 0.3-0.5. Then, 1.5 ml of medium were placed on 24-well
plates (Sorfa, Genbiotech, Argentina) and three pL of cell suspension
were added (dilution 1:500). The plates were incubated at 20, 25 and
30 °C for 72 h without agitation. The medium was either
biofilm-inducing MSgg medium (0.1 mol 1~} MOPS, 2 mM 17! MgCl,,
0.05 mM 17! MnCly, 1 uM 17! ZnCly, 2 pM 17! thiamine, 700 pM 171
CaCly, 50 mg 17! phenylalanine, 0.5% v/v glycerol, and 0.5% p/v
glutamate), or maize leaves broth (MLB). The latter was chosen because
the bacteria were isolated from fresh maize leaves [21]. It was made by
boiling 30 g of fresh maize leaves in 1 | of water for 60 min, and filtering
the suspension through a double layer of muslin. Distilled water was
added until a 1 1 volume was obtained. When necessary, this medium
was supplemented with 1.5% agar, which will from hereon be referred
to as MLA (maize leaves agar) instead of simply MLB.

Biofilm formation was assessed in relation with the following con-
ditions: type of medium, water potential values (¥ = — 7.06 MPa (a,, =
0.95); - 4.19 MPa (a,, = 0.97); and —1.38 MPa (a,, = 0.99), and
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incubation temperatures (20, 25, and 30 °C). Water activity in the media
was modified with glycerol (Dallyn and Fox, 1980). In representative
media samples, this activity was measured with an Aqualab meter
(model 4 TE Aqualab Technologies, Riverside, CA) and converted to
water potential (¥). Water activity (ay,) is the universally-used term for
the availability of water in a solution. It is the ratio of water vapor
pressure in equilibrium to that of pure water at the same temperature.
The availability of water for microbial development and metabolism in
environmental terms is defined as water potential (V). Given the nature
of our study, this is the factor that we assessed and the one we will refer
to throughout this paper.

To study biofilm through the formation of colonies, the bacterial
inocula were prepared in the same way as for the pellicle assay [28].
Three pL of cell suspension were symmetrically spotted on dry MSgg or
MLA 1.5% p/v agar plates; more precisely, three drops were placed on
each Petri dish (50 mm in diameter). The droplets were left to become
absorbed before moving the plates, which were incubated at 20, 25, and
30 °C for 72 h without agitation under different environmental
conditions.

The architecture of the pellicles and colonies formed by each isolate
under these different conditions was observed and photographed with a
stereoscopic microscope (Motic, DM-39-N9GO, Hong Kong, Asia) con-
nected to a Motic Images Plus 2.0 digital camera. Each image is repre-
sentative of triplicate assays performed in three independent
experiments. Bacillus subtilis NCIB3610 (a wild-type reference strain)
was used as a positive control [29,30], and B. subtilis JH642 (a domes-
ticated, laboratory strain) was used as the negative control, since it
forms flat and featureless colonies and pellicles [31].

2.3. Visualization of colony by scanning electron microscopy (SEM)

To compare and visualize biofilm structure under different condi-
tions, biofilm samples were observed through scanning electron mi-
croscopy (SEM), according to Refs. [28,32]. Colonies were grown as
described above, and fixed in a solution made up of 2.7% v/v para-
formaldehyde, 1.7% v/v glutaraldehyde, and 0.1 m 17! phosphate buffer
(pH 7.2) at room temperature for 2 h on a rotary shaker. Subsequently,
the plates were kept at 4 °C overnight, washed with PBS and incubated
for 5 min at room temperature. Afterwards, the samples were dehy-
drated in a series of ethanol solutions from 30% v/v to 100% v/v.
Five-mm samples were mounted on aluminum stubs and held with
double-sided carbon tape. They were then coated with a thin layer of
gold and taken for observation under a FEG-SEM microscope (Zeiss
Sigma, Oberkochen, Germany). The images were obtained with an
in-lens detector of secondary electrons, using 3 keV as energy.

2.4. Quantification of biofilm formation under the effects of different
types of media, water potentials, and temperatures

Biofilm formation was quantified as described by Refs. [33,34] with
some modifications. The influencing factors considered were the type of
medium (MSgg or MLB), water potential values (¥ = - 7.06, - 4.19 and
—1.38 MPa), and incubation temperatures (20, 25 and 30 °C). Quanti-
fications were performed at 24, 48, and 72 h. To do this, the three iso-
lates were cultured overnight in NB medium, at 30 °C on a rotary shaker
at 140 rev min~'. Then, 400 pl were transferred to 40 ml of NB and
incubated under the same conditions until reaching ODgoo 0.3-0.5
(mid-exponential phase). Two pl of this dilution were transferred to
96-well microtiter plates (Corning, Crocce, Argentina) containing 198 pl
of either MSgg broth or MLB. The microplates were incubated at 20, 25,
and 30 °C for 24, 48, and 72 h under static conditions. The medium and
the planktonic cells were carefully removed with a micropipette, and the
wells were washed two times with sterile phosphate-buffered saline
(PBS). The tip was inserted slowly to avoid touching the sides and bot-
tom of the wells. The microplates were kept at room temperature
overnight and stained for 15 min with 200 pl of crystal violet solution
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1% p/v (Biopack, Marbe, Argentina), also at room temperature. The dye
solution was removed and each well washed with water. Finally, 200 pl
of 100% ethanol were added, and an ODsggnm reading was done using
ELISA equipment (Labsystems Multiskan MS). Each isolate was evalu-
ated in triplicate on the microplate, with a triplicate sample per condi-
tion. NCIB3610 was the positive control and JH642 the negative one.
Uninoculated wells containing only MSgg or MLB served as blanks.

To analyze the optical density (OD) readings, a cut-off point (ODe)
was established as suggested by [70], who consider three standard de-
viations (SD) of the mean ODc for the following calculation: ODe =
ODnc + 3xSD of the controls. For each culture, the final OD value was
expressed as OD-ODe. Negative values were considered zero, and pos-
itive values were interpreted to indicate production of adherent biofilm.
In vitro biofilm formation was classified thus: no production (ODs <
ODe), weak production (ODe < ODs < 20De), moderate production
(20De < ODs < 40De), and strong production (40De < ODs), following
[35] and [70].

2.5. Analysis of bacterial motility

Bacterial motility was assessed according to Ref. [36] in nutrient
agar (NA) 0.7% p/v to observe swarming or 0.3% p/v to observe
swimming. The inocula were prepared as mentioned previously. For
each isolate, two pl of cell suspension at mid-exponential phase were
inoculated in the center of Petri plates (9 cm in diameter). The plates
were kept upside down at 30 °C for 72 h, and the diameter of the col-
onies was measured across time. The assays were evaluated in duplicate
and repeated four times. NCIB3610 was the control strain for swarming
and JH642 for swimming [37]. A strain was considered mobile when the
diameter of the colony it formed was at least 20% bigger than that of the
colony formed in NB-fortified 1.5% agar [36].

2.6. Statistical analyses

An analysis of variance (ANOVA) was used to evaluate the differ-
ences in biofilm formation from one isolate to another and under
varying environmental conditions. The mean values of significant dif-
ferences were compared with a DGC test. For motility, values were
expressed as the mean (in centimeters) + the SD of four independent
experiments in duplicate. Comparisons between isolates were made with
one-factor ANOVA and corrected post-hoc with a DGC test for multiple
comparisons. All the analyses were performed on the software InfoStat
(Grupo Infostat, FCA, Universidad Nacional de Cdérdoba, Argentina).
Graphical analyses were made on GraphPad Prism 5.0 (GraphPad Soft-
ware, San Diego, CA).

3. Results
3.1. Identification of biological control agents (BCAs)

The sequencing of the 16 rRNA gene revealed that EM-A7 (GenBank
accession number OL704804) was 99% identical to B. subtilis NCIB3610
(CP020102.1). Strains EM-A6 (OL704803) and EM-A8 (OL704805) were
99% identical to B. velezensis strain NRRL B-41580 (KY694464.1). The
phylogenetic trees can be found in the Supplementary Material (S1).
These results agree with the scores >2.000 obtained for the strains
through MALDI-TOF MS, which indicate high identification at the spe-
cies level (Table 1).

3.2. Development of biofilm in the form of pellicles and architecturally
complex colonies

Different environmental conditions brought about morphological
changes in the pellicles and colonies formed by the strains. These
changes were observable in time and space. As seen in Fig. 1, the three
isolates (EM-A6, EM-A7, and EM-A8) produced markedly different
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Table 1
Molecular and MALDI-TOF identification of Bacillus spp.
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Isolates Identification Length (bp) Total score Match/total PMI" Genbank accession MALDI-TOF score
number
EM-A6 B. velezensis (OL704803) 1503 1504 1484/1488 KY694464.1 2.039
99%
EM-A7 B. subtilis (OL704804) 1503 1466 1473/1476 CP020102.1 2.023
99%
EM-A8 B. velezensis (OL704805) 1504 1504 1486/1489 KY694464.1 2.025

99%

@ Percentage of maximum identity of partial 16S rRNA sequence according to Blast database. Base pair (bp).

colonies on biofilm-inducing MSgg agar and MLA. A colony was
considered more architecturally complex when it had these character-
istics: numerous wrinkles and veins spreading from the center to the
edges; a creamy and convex center; lobed and irregular edges; beige in
color; and variable size. On the other hand, less complex colonies were
also beige but small, smooth, and round, with well-defined edges. Some
colonies fell somewhere between these two categories, since they dis-
played fewer wrinkles and veins than the most complex ones but had a
creamy center, irregular to rounded edges, and less intensity of color.

As seen in Fig. 1B, the colonies formed on MSgg agar at 30 °C and ¥
= —1.38 MPa were the most architecturally complex. Under those
conditions, average colony size was 16 mm for EM-A6, 15 mm for EM-
A8, and 11 mm for EM-A7 (Table 2). In general, they were as large as
those formed by NCIB3610, which had elevations and opaque wrinkles.
In contrast, the colony formed by JH642 was smooth and a lot smaller (5
mm). When temperature and/or water potential were lower, the
morphological complexity of all the colonies decreased. Although their
diameters varied, they tended to be less wrinkled, with a creamy center,
irregular to rounded edges, and no veins from the center to the edges.
After 72 h of incubation at 30 °C and water potentials of - 4.19 and -
7.06 MPa, the isolates produced rough but smaller colonies (4-10 mm
depending on the strain). The reference strain colonies were small (4-5
mm), smooth, circular and beige, with well-defined edges.

The complexity of the colonies formed by the three isolates on MSgg
at 25 °C and ¥ = —1.38 MPa was similar to that at 30 °C and the same
water potential. However, the maximum diameter was 10 mm (Table 2).
The colonies formed by NCIB3610 were even smaller (5-8 mm) and less
architecturally complex when temperature decreased to 25 or 20 °C and
water potential to ¥ = — 4.19 and - 7.06 MPa. Under the same condi-
tions, the colony corresponding to JH642 was smooth and also small
(2-4 mm). Essentially, higher temperatures (30 and 25 °C) and the
highest water potential value (¥ = —1.38 MPa) led to the formation of
more architecturally complex colonies.

The morphology of the colonies formed by all the strains at 30 °C and
¥ = —1.38 MPa on MLA was different than on MSgg under the same
conditions. They were not smooth, but no wrinkles or veins were
observable from the center to the edges. The center, which was more
intense in color than the irregular, curvilinear edges, was smooth in
some cases and multi-globulated and shiny in others. Some colonies
featured a raised, ring-shaped edge. Diameters varied between 5 and 12
mm. For EM-A7 and EM-AS8 in particular, they were about 10 and 12
mm. Similarly to what happened on MSgg, lower temperatures (25 and
20 °C) and water potential values (¥ = — 4.19 and - 7.06 MPa) were
associated to less architecturally complex colonies on MLA, but many
characteristics remained: a more intense, sometimes smooth and mul-
tiglobulated center, with ring-shaped or irregular/curvilinear edges.
Overall, all the isolates were able to form biofilm on both growth media
and under all the conditions tested, but the biofilm’s complexity and
characteristics were not the same across all strains and conditions.

Fig. 1A shows the development of biofilm in the form of pellicles (or
floating biofilm) in MSgg broth, after 72 h of incubation at 30 °C and ¥
= —1.38 MPa. For the three isolates as well as NCIB3610, a correlation
was observed between formations on the solid-air and liquid-air

interfaces: when the colonies were densely wrinkled, the pellicles were
also thicker and more complex. JH642, conversely, was not able to form
biofilm. The production of robust pellicles by the isolates was main-
tained at 25 °C and ¥ = — 4.19 MPa. However, when the temperature
dropped to 20 °C and the water potential to —7.06 MPa, the pellicles
were thin and smooth, lacking a distinctive macroscopic architecture
and appearing more fragile or brittle to the naked eye (data not shown).
In MLB, pellicles only developed at 30 °C and ¥ = —1.38 and —4.19
MPa. They were thin and not very wrinkly; sometimes brittle and
smooth without a distinct macroscropic structure, as was the case at
lower temperatures and water potentials in MSgg. These results confirm
that the three isolates can produce biofilm in the form of pellicles under
different environmental conditions, but their morphology changes from
one strain to the other and is influenced by the factors considered.
Biofilm colonies are characterized by their three-dimensional struc-
ture and the presence of exopolysaccharides (EPS). We used scanning
electron microcospy (SEM) to visualize changes in this structure, in
colony architecture and in cell morphology for the three isolates grown
on MLA and MSgg agar at 30 °C and ¥ = —1.38 MPa (Fig. 2). The
architectural complexity shown in the images agrees with the observa-
tions made in vitro. Bacillary morphology and bacterial distribution were
also assessed after 72 h of incubation. In general, biofilms appeared as
accumulations of bacteria immersed in an amorphous substance. Bacilli
were not isolated from each other but rather grouped in piles as masses
of growing cells, with each group connected to others. On MSgg,
NCIB3610 cells were longer and thinner than those of EM-A6, EM-A7
and EM-AS8, as well as differently distributed. Careful examination of the
biofilm surface revealed small groups of spherical granules and rough-
looking EPS (see Fig. 2, EM-A7 on MSgg). An abundant accumulation
of rough material, which might have contained exopolysaccharides, was
visible on the surface of a rough and dense extracellular matrix. As a
whole, the results obtained through SEM suggest that the bacterial cells
were scattered on a compact biofilm matrix on both growth media.

3.3. Qualitative classification and quantification of biofilm formed under
different conditions

The biofilm formed by each strain after 72 h of incubation in MSgg
broth and MLB was measured in terms of diameter, quantified and
qualitatively classified (Table 2). The isolates were able to produce
biofilm in variable forms on both media, at different temperatures and
water potentials. Qualitatively, all three were classified as strong/
moderate producers at 30 °C, both in MSgg (with percentages between
67 and 100%) and in MLB (33-67%). They also had strong/moderate
production at ¥ = —1.38 MPa (50% in general), whereas a decrease in
water potential well as in temperature (20 °C) rendered them weak.
Again, these results indicate that biofilm production by EM-A6, EM-A7
and EM-A8 changes according to temperature, water potential and
growth medium. Production by EM-A8 after 72 h of incubation in MSgg
at 30 °C and ¥ = —1.38 MPa was the highest overall. Its ODggonm values
were greater than 2 in MSgg at all ¥ evaluated and 25 and 30 °C. The
lowest production values for all the strains were observed at 20 °C in
MLB.
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Fig. 1. Biofilm development in the form of pellicles and architecturally complex colonies by Bacillus subtilis (EM-A7) and Bacillus velezensis (EM-A6 and EM-A8), on
different media and at different temperatures and water potentials (¥). A) Pellicle development in MSgg broth and MLB after 72 h incubation at 30 °C and ¥ = —1.38
MPa. The images obtained with a stereoscopic microscope are representative of triplicate assays performed as three independent experiments. B) Colonies formed on
different media at different temperatures and water potentials (¥). The images are representative of triplicate assays performed as three independent experiments,
and were taken after 72 h of incubation at 30, 25, and 20 °C. The scale bar at the bottom represents 1 cm. MSgg: biofilm-inducing agar; MLA: maize leaves agar; water

potential values ¥ = - 1.38, - 4.19 and - 7.06 MPa.
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Table 2
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Ability of B. subtilis and B. velezensis to form biofilm in vitro after 72 h of incubation on different culture media, at different temperatures and water potentials.

Strain Temperature Culture Water potential ~ Colony diameter + standard Values + standard Biofilm production Proportion of qualitative
Q) medium w) deviation (mm) errors® abilityb classification (%)°
EM- 20°C ML -7.06 3+3 0.025 + 0.025 NP 0/3
A6 -4.19 4+3 0.763 + 0.299 S 0%
-1.38 5+4 0.140 + 0.103 NP
MSgg -7.06 0+0 0.225 + 0.135 NP 1/3
-4.19 0+0 0.260 + 0.110 NP 33%
-1.38 4+0 3.020 + 0.160 S
25°C ML -7.06 4+3 0.250 + 0.110 NP 0/3
-4.19 6+ 4 0.233 £ 0.124 NP 0%
-1.38 7+2 0.257 + 0.126 NP
MSgg -7.06 2+1 0.370 £+ 0.140 NP 2/3
-4.19 8+5 1.867 + 0.643 S 67%
-1.38 10+ 3 3.017 + 0.022 S
30°C ML -7.06 4+3 0.445 + 0.125 w 0/3
-4.19 9+3 0.680 + 0.090 w 0%
-1.38 7+1 0.223 + 0.105 NP
MSgg -7.06 4+3 1.970 + 0.160 S 3/3
-4.19 10+5 2.170 + 0.760 S 100%
-1.38 16 +£0 2.863 + 0.228 S
EM- 20°C ML -7.06 4+3 0.110 + 0.060 NP 0/3
A7 -4.19 5+4 0.120 + 0.100 NP 0%
-1.38 7+1 0.397 + 0.146 NP
MSgg -7.06 0+0 0.285 + 0.285 NP 1/3
-4.19 4+1 0.300 + 0.300 NP 33%
-1.38 7+1 2.790 + 0.600
25°C ML -7.06 4+3 0.700 + 0.252 W 0/3
-4.19 4+4 0.463 + 0.128 w 0%
-1.38 6+3 0.140 + 0.087 NP
MSgg -7.06 4+1 1.360 + 0.820 M 3/3
-4.19 5+2 1.807 + 0.688 S 100%
-1.38 10+ 0 1.693 + 0.688 S
30°C ML -7.06 6+3 0.265 + 0.035 NP 1/3
-4.19 8+4 1.083 + 0.261 M 33%
-1.38 8+3 0.027 + 0.027 NP
MSgg -7.06 4+ 2 0.300 + 0.300 NP 2/3
-4.19 5+0 2.493 + 0.452 S 67%
-1.38 11+1 2.747 + 0.475 S
EM- 20°C ML -7.06 4+4 0.160 + 0.160 NP 0/0
A8 -4.19 6+5 0.225 + 0.225 NP 0%
-1.38 6+2 0.223 + 0.088 NP
MSgg -7.06 0+0 0.147 £ 0.079 NP 1/3
-4.19 2+2 0.150 + 0.150 NP 33%
-1.38 6+2 3.047 + 0.282 S
25°C ML -7.06 6+ 2 0.417 + 0.217 w 0/3
-4.19 10+ 2 0.720 + 0.290 w 0%
-1.38 9+4 0.203 + 0.102 NP
MSgg -7.06 2+2 2.310 + 0.770 S 3/3
-4.19 6+6 2.435 + 0.535 S 100%
-1.38 18+ 3 2.936 + 0.073 S
30°C ML -7.06 9+3 1.280 + 0.050 M 2/3
-4.19 9+3 0.810 + 0.350 M 67%
-1.38 9+2 0.183 + 0.131 NP
MSgg -7.06 5+2 2.070 + 1.070 S 3/3
-4.19 9+6 2.500 + 0.810 S 100%
-1.38 16 + 8 2.813 + 0.251 S

An analysis of variance demonstrated that the quantification of the biofilm produced by the isolates was influenced by all five factors: strain, temperature, water
potential, growth medium, time, and the interactions between them (Table 3). The most influential factor was the growth medium (GM) (F = 219.79, P < 0.0001),
followed by water potential (F = 152.28, P < 0.0001), time (T) (F = 122.82, P < 0.0001) and temperature (T°C) (F = 106.09, P < 0.0001). The least influential was

strain (S) (F = 9.80, P = 0.0001).

a Values obtained through a cristal violet assay. ODnc at 20 °C ML ¥- 7.06 = 0.245; ML ¥- 4.19 = 0.282; ¥-1.38 = 0.273; MSgg ¥ - 7.06 = 0.285; ¥ - 4.19 = 0.279; ¥ -
1.38 =0.245; ODnc at 25°CML ¥ - 7.06 = 0.217; ¥ - 4.19 = 0.263; ¥ - 1.38 = 0.237; MSgg ¥ - 7.06 = 0.260; ¥ - 4.19 = 0.277; ¥ - 1.38 = 0.255; ODnc at 30 °CML V¥ -
7.06 = 0.181, ¥ - 4.19 = 0.217; ¥ - 1.38 = 0.263; MSgg ¥ - 7.06 = 0.230; ¥ - 4.19 = 0.201; ¥ - 1.38 = 0.236.

Y NP: non biofilm producer; W: weak biofilm producer; M: moderate biofilm producer; S: strong biofilm producer.

¢ Proportion of mode rate or strong production (%) for each strain at 30 °C, at different water potentials and on different culture media after 72 h of incubation.

Fig. 3 shows the quantification of biofilm expressed as ODsgonm
values. Biofilm was quantified for all the strains (the three isolates and
the two reference strains) incubated in MSgg broth (A) or MLB (B) for
different periods. Biofilm production was generally higher in MSgg than
in MLB over time. In MSgg (Fig. 3A), production by EM-A6 was the only
one that was statistically significant (P = 0.0009) between 24 and
48-72 h. A crystal violet assay found no significant differences between

production by EM-A7 and EM-AS. In addition, production by the three
isolates was similar to that by NCIB3610. Finally, production values by
JH642 were the lowest, and the strain was qualitatively classified as a
non-producer.

In MLB (Fig. 3B) at 30 °C and ¥ = —1.38 MPa, the highest quanti-
fication was registered at 24 h and corresponded to EM-A6 (1.04). The
other two isolates also had their highest values at this time and potential
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Table 3

Significance of strain, temperature, water potential, growth medium, time, and
the interactions between them on the quantification of biofilm formed by Ba-
cillus isolates.

Factor® scP gl CcM F P

S 431 2 2.16 9.80 0.0001
T°C 46.73 2 23.36 106.09 <0.0001
¥ 67.07 2 33.54 152.28 <0.0001
GM 48.40 1 48.40 219.79 <0.0001
T 54.10 2 27.05 122.82 <0.0001
S*T°C 0.95 4 0.24 1.08 0.3680
S ¥y 2.12 4 0.53 2.40 0.0504
S* GM 0.56 2 0.28 1.28 0.2795
S*T 9.25 4 2.31 10.50 <0.0001
T°C* ¥ 15.94 4 3.98 18.10 <0.0001
T°C* GM 1.49 2 0.74 3.37 0.0359
T°C*T 2.26 4 0.57 2.57 0.0386
¥ * GM 67.56 2 33.78 153.40 <0.0001
¥ T 6.98 4 1.74 7.92 <0.0001
GM *T 23.74 2 11.87 53.89 <0.0001
S*T°C* ¥ 6.16 8 0.77 3.50 0.0008
S*T°C* GM 0.15 4 0.04 0.17 0.9528
S*T°C*T 11.91 8 1.49 6.76 <0.0001
S* ¥ * GM 4.31 4 1.08 4.89 0.0008
S* ¥ *T 4.30 8 0.54 2.44 0.0148
S* GM *T 2.80 4 0.70 3.18 0.0142
T°C* ¥ * GM 3.44 4 0.86 3.90 0.0043
T°C* GM *T 4.46 4 1.11 5.06 0.0006
S*T°C* ¥ * GM 6.77 8 0.85 3.84 0.0003
S*T°C* W *T 12.43 16 0.78 3.53 <0.0001
S*T°C* GM *T 5.09 8 0.64 2.89 0.0043
S* ¥ * GM *T 6.44 8 0.80 3.65 0.0005
T°C* ¥ * GM *T 11.68 8 1.46 6.63 <0.0001
S*T°C* ¥ * GM *T 11.06 16 0.69 3.14 0.0001

@ S: strain; T°C: temperature; ¥: water potential; GM: culture medium; T: time.
b SC: means of the squares.

(1.16 for EM-A7, 0.91 for EM-AS8). The differences in these values were
not statistically significant, and production by all three decreased after
48 and 72 h. In the case of JH642, ODsgonm values were similar at 24 and
48 h (weak production) and were reduced further after 72 h (no pro-
duction). Meanwhile, there were no statistically significant differences
over time (P < 0.05) for NCIB3160. A crystal violet assay of all the
cultures in MLB rendered lower production values over time than in
MSgg.

Fig. 4A compares biofilm quantification between the strains, after
they were incubated for 72 h in MSgg broth at ¥ = —1.38 and different
temperatures (20, 25, and 30 °C). At 30 °C, the values for the three
isolates were similar to that for NCIB3610 and significantly higher than
for JH642 (P < 0.0001). Quantification for the two B. velezensis strains
(EM-A6 and EM-A8) was similar, with values between 2.408 and 3.342
and no statistically significant differences at varying temperatures (P >
0.05). On the other hand, differences were significant between those two
strains and B. subtilis EM-A7 at 25 °C (P < 0.0001). In fact, EM-A7 had
the lowest quantification at this time. Once again, JH642 was a weak
producer at 25 and 20 °C. At the same temperatures, NCIB3610
continued being able to produce biofilm but at lower values than our
strains, with significant differences between 20 and 25 °C (P = 0.0016
and P < 0.05). As mentioned earlier, quantification values were gener-
ally lower in MLB than in MSgg broth for all the strains at the three
temperatures evaluated.

Fig. 5 shows how biofilm formation was affected by modifying water
potential in the growth media, after 72 h of incubation at 30 °C. The
effects of this change did not vary significantly from one isolate to the
other in MSgg (P > 0.05). Quantification for EM-A7 was significantly
lower when potential decreased from ¥ = —1.38 MPa to - 4.19 and -
7.06 MPa. There were no statistically significant differences between
production by the three isolates and by NCIB3610 at ¥ = —1.38 MPa and
¥ = — 4.19 MPa. Out of all the strains, quantification was the lowest for
JH642 across all water potential values. At ¥ = — 4.19 MPa and - 7.06
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MPa, statistically significant differences emerged between our strains
and the reference ones. Once again, biofilm production in MLB was
overall lower than in MSgg. In this medium, the highest production by
EM-A7 was registered at ¥ = — 4.19 MPa, while for EM-A8 it was at ¥ =
— 7.06 MPa, both at 30 °C.

3.4. Analysis of bacterial motility

The strains’ motility was evaluated on two media with different agar
concentrations (0.3% for swimming, 0.7% for swarming), using
NCIB3610 as the control for swarming and JH642 as a control for
swimming. EM-A6, EM-A7 and EM-A8 were able to both swim and
swarm (Fig. 6), with statistically significant differences between them
(P < 0.0001). On 0.7% agar, the diameters of the colonies formed by EM-
A7, EM-A8, and NCIB3610 were significantly different than for EM-A6
(Fig. 6A). Colonies by all three of our strains, nevertheless, were 20%
bigger than those they formed on 1.5% agar (Fig. 6B), which was the
established criterion to identify swarming. By contrast, JH642 was not
able to swarm, and its colonies were about 1 cm in diameter on the two
media (Fig. 6A and B). Fig. 6C shows changes in colony diameter for
each strain over time. The highest values overall were registered at 30 °C
and belonged to EM-A7 and EM-AS8; 9 cm after 20 h on 0.3% agar; 8 and
7 cm after 40 h on 0.7% agar. In the case of EM-AS6, its biggest diameter
was recorded after 20 h on the swimming medium and after 72 h on the
swarming medium.

4. Discussion

Biocontrol strategies, which are based on the use of BCAs against
plant pathogens, would benefit from further research on the interaction
between the biological agent, the pathogen and the plant. In the case of
maize, a better understanding of how potentially beneficial bacteria
behave and function in its phyllosphere could help predict the degree of
protection they would offer the plant against pathogenic infection.

Selecting a potential biocontrol microorganism involves a series of
steps such as isolation, conservation, identification, preliminary risk
analysis, and ecophysiological characterization [38]. In this study, a
proteomic- and a genetic-based approach were used to complete the
identification of three Bacillus spp. isolates from the maize phyllosphere
(EM-A6, EM-A7, and EM-AS). In the last 30 years, classifications within
this genus have been substantially revised because it contains several
groups of closely related species, which share a pattern of morpholog-
ical, biochemical and genetic characteristics [39]. For instance, the
members of B. subtilis (which include B. subtilis subsp. subtilis,
B. amyloliquefaciens, and B. licheniformis) cannot be distinguished on the
basis of their 16S rRNA gene sequences alone, since they are more than
99% similar [40,69]. We identified EM-A7 as B. subtilis on the basis of
both this sequencing and concordant MALDI-TOF scores. However,
while 16S rRNA sequencing indicated that EM-A6 and EM-A8 were
highly similar to B. velezensis, MALDI-TOF pointed towards
B. amyloliquefaciens. Although protein profiling on MALDI-TOF has
proven reliable to identify closely related species including Bacillus spp.,
commercial databases and programs are mainly designed to identify
clinical strains [40,41], which would explain the lack of agreement in
our results. Moreover, there might be an “operational group
B. amyloliquefaciens” that includes B. amyloliquefaciens, B. siamensis, and
B. velezensis, the main agent in agricultural bioformulations to protect
plant health and stimulate plant growth [39,42].

We then assessed the ability of the three isolates to form biofilm.
Biofilm is known to enhance bacterial tolerance to changing environ-
mental conditions and thus survival. Biofilm-forming biological agents,
therefore, might be more persistent on the leaf surface and have a better
chance at protecting the plant against pathogens. This is why the design
of foliar applications for biocontrol would be well-served by an
increased understanding of this lifestyle in potential BCAs.

The environmental conditions tested here were selected by
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Fig. 2. Scanning electron micrographs of colonies formed by Bacillus subtilis (NCIB3610 and EM-A7) and Bacillus velezensis (EM-6 and EM-A8) on biofilm-inducing
MSgg agar and maize leaves agar (MLA) after 72 h of incubation at 30 °C and ¥ = —1.38 MPa. Red arrow: bacillary cell; yellow arrow: EPS granules; green arrow:

extracellular polymeric substance.

considering the niche from which the strains were isolated. The assays
showed that the isolates are able to grow well at water potentials and
temperatures that favor the proliferation of E. turcicum on maize fields
[43]. Water potential is likely one of the most highly fluctuating factors
on leaf surfaces. The EPS slime in biofilm aggregates may buffer bacteria
from the dissecation stress produced by these changes [44]. As regards
temperature, we observed earlier that different isolates of E. turcicum
could grow between 15 and 30 °C, with the maximum growth rate
occurring at 25 °C [45]. Bacteria able to overcome the stress created by
this temperature range would afford a significant ecological advantage
against the pathogen. On top of withstanding changing water and
temperature conditions, EM-A6, EM-A7 and EM-A8 were also able to

produce biofilm on different growth media over time. Their ability to
adapt to both environmental and nutritional modifications, then, is
likely to enhance their beneficial action in the phyllosphere.

Biofilm formation by Bacillus spp. has been studied from different
approaches. Some researchers have focused on colonies that grow on
agar surfaces and their macroscopically complex architecture, associ-
ated with the production of an extracellular matrix [46]. Others have
explored the formation of floating, structured pellicles on the liquid-air
interface [29,46-48]. Here, we combined approaches to improve the
robustness of our results. In general, different conditions in terms of
temperature, water potential, growth media and time led to variations in
the development of biofilm by the isolates, both on the solid-air and
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Fig. 3. Quantification of in vitro biofilm formation by Bacillus subtilis and Bacillus velezensis in MSgg broth (A) and MLB (B), after different periods of incubation at
30 °C and ¥ = —1.38 MPa. Each bar represents the arithmetic mean =+ standard error (SEM) of the mean of three independent experiments performed in triplicate,
expressed as ODsgonm values. NCIB3610 was the positive control and JH642 the negative one. The nominal P-value for statistical significance was P < 0.05, indicated
with different letters for strains compared at the same incubation time. Each time is marked with a different color. Square brackets and * indicate statistically
significant differences (P < 0.05) between changes in each factor for each strain. MSgg: biofilm-inducing broth; MLB: maize leaves broth.
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Fig. 4. Quantification of in vitro biofilm formation by Bacillus subtilis and Bacillus velezensis in MSgg (A) and MLB (B), after 72 h of incubation at ¥ = —1.38 MPa and
different temperatures. Each bar represents the arithmetic mean + standard error (SEM) of the mean of three independent experiments performed in triplicate,
expressed as ODsgonm values. NCIB3610 was the positive control and JH642 the negative one. The nominal P-value for statistical significance was P < 0.05, indicated
with different letters for strains compared at the same temperature. Each temperature is marked with a different color. Square brackets and * indicate statistically
significant differences (P < 0.05) between changes in each factor for each strain. MSgg: biofilm-inducing broth; MLB: maize leaves broth.
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Fig. 5. Quantification of in vitro biofilm formation by Bacillus subtilis and Bacillus velezensis in MSgg broth (A) and MLB (B), after 72 h of incubation at 30 °C and
different water potentials (¥). Each bar represents the arithmetic mean + standard error (SEM) of the mean of three independent experiments performed in triplicate,
expressed as ODsgonm values. NCIB3610 was the positive control and JH642 the negative one. The nominal P-value for statistical significance was P < 0.05, indicated
with different letters for strains compared at the same water potential. Each water potential value is marked with a different color. Square brackets and * indicate
statistically significant differences (P < 0.05) between changes in each factor for each strain. MSgg: biofilm-inducing broth; MLB: maize leaves broth.
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Fig. 6. Motility assays. A) Swarming. Means of the diameter of colonies formed by Bacillus subtilis (EM-A7, NCIB3610, and JH642) and Bacillus velezensis (EM-A6,
EM-AS8) on 0.7% nutritive agar (NA), after 72 h of incubation at 30 °C. B) Diameter of disc by B. subtilis (EM-A7, NCIB3610, JH642) and B. velezensis (EM-A6, EM-A7)
on 1.5% nutrient agar (NA), after 72 h of incubation at 30 °C. C) Motility of EM-A6, EM-A7, EM-A8, NCIB3610 and JH642. Mean of disc diameter + SEM from four
experiments performed in duplicate for 72 h at 30 °C. The nominal P-value for statistical significance was P < 0.05, indicated with different letters.

liquid-air interfaces.

Scanning electron microscopy (SEM) was used to observe the
morphology of colonies and pellicles formed by the three isolates.
Conventional SEM is widely used to visualize biofilm morphology in
highly magnified detail (10,000 x ). However, given that its protocols
include dehydration and sputter coating using metal, care must be taken
when preparing samples with a high water content (such as biofilm,
which is 97% water) to prevent sample loss, collapse, or alteration of
real morphology. Dehydration could make EPSs appear as a network of
fibers instead of a firm gelatinous matrix [28,49,50].

The images taken at 30 °C and ¥ = —1.38 MPa show that the three
isolates produced abundant accumulations of rough material, which
may have contained exopolysaccharides, on the surface of a rough and
dense extracellular matrix. The bacterial cells appeared scattered in a
biofilm matrix on the compact surface of the MLA and MSgg agar. This is
consistent with other studies that described the cells in wild-type pelli-
cles as “completely enveloped in thick sheets of extracellular material”
[28,32].

On MSgg, a synthetic biofilm-inducing medium, the isolates’ col-
onies were as large as those developed by NCIB3610. They were opaque
and wrinkled, with tongue-like columns protruding from the agar sur-
face. B. subtilis and its related species exhibit a variety of morphological
phenotypes, ranging from thin, flat microstructures to large, spatially

heterogeneous colonies. Although not enough is known about the
functional structures of these different morphologies [15,31,51], we do
know that wrinkles, associated with localized cell death, are one of the
most recognizable characteristics of the more complex formations [52].
Wrinkles may enhance structural integrity and elasticity, liquid trans-
port, hydrophobicity, and protection from infiltration by other species
[51]. The channels below wrinkles might facilitate the flow of liquid
toward the center of the biofilm, and thus nutrient and oxygen transport
[53,54]. Opaque wrinkles in particular, like the ones we observed, have
been associated with increased sporulation as the biofilm matures [55].
The fact that the three isolates studied here were able to form biofilm
with this level of complexity and these features under specific conditions
is promising for their use as BCAs in the phyllosphere.

We also detected a correlation between the complexity of colonies
and that of pellicles. When the colonies were densely wrinkled, the
pellicles were also denser and more complex. Similarly [29], observed at
a high magnification that pellicles formed by Bacillus spp. in MSgg were
mainly composed of long cell chains alligned in parallel. The same au-
thors described a clear correlation between highly structured morphol-
ogies and the ability of a cell to produce an extracellular matrix [32].
When water potential and temperature were lower, the appearance of
the biofilms changed, i.e. the specific phenotypes of B. subtilis
colony-type biofilms are determined by environmental factors.
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Nutrient availability is also known to influence biofilm phenotype.
[56] reported changes in thickness, rim organization and distribution of
cell phenotypes within a mature macrocolony at different nutrient
levels. [51] described changing rates of spatial expansion depending on
the existing nutrients. By modelling biofilm surface morphology with
confocal and multiphoton microscopy, they found that
nutrient-depleted media triggered the formation of large, straight
wrinkles connecting the core and the periphery of the colony [51]. The
use of synthetic MSgg allowed us to observe biofilm formation in an
ideal medium in terms of nutrients. However, since studies on artificial
substrates may not accurately reflect growth ability on natural sub-
strates [57], we contrasted our results with those obtained on MLA,
which was meant to replicate the nutrients naturally found on maize
leaves.

On MLA at 30 °C and ¥ = —1.38 MPa the strains were able to pro-
duce biofilm, but this time the colonies had no wrinkles or veins from the
center to the edge, which might mean that the nutrient content in leaves
is not altogether suitable for the emergence of this kind of phenotype.
Still, the ML medium can only approximate the actual nutrients found in
the phyllosphere, which may be somewhat affected by laboratory con-
ditions. Moreover, although colony morphology was evidently different
on one medium and the other, the strains did not produce flat colonies
on MLA. In other words, they were still capable of forming biofilm when
subjected to natural-like nutrient availability, in contrast to the negative
control (JH642). Thus, colony complexity might be differentially
expressed according to nutrient content. One way or another, this kind
of information about the nutritional requirements for biofilm formation
(as well as water potential and temperature requirements), may be
useful to optimize future bacterial formulations. Optimization involves
applying strategies to enhance or maintain biocontrol efficiency,
including increasing tolerance to environmental stress [71].

The biofilm produced under varying conditions across time was then
quantified spectrophotometrically, using microtiter plates and 1% p/v
crystal violet staining [35,58]. Spectrophotometry makes it possible to
quantify total biofilm mass by observing how dye binds to cells and to
negatively charged molecules, such as polysaccharides in the biofilm
matrix [34,35]. Crystal violet values were higher for biofilm formed in
MSgg than MLB over time. This was expected given the biofilm-inducing
nature of MSgg. In both media, nevertheless, the values for the isolates
were higher than those of the negative control or the uninoculated
media, which suggests that the quantification is indicative of biofilms
adhered to the surface.

Finally, the isolates proved capable of swimming and swarming in
0.3 and 0.7% nutrient agar, respectively. Previous studies also observed
these abilities in B. subtilis and B. velezensis [36,37,59]. Motility allows
microorganisms to reach more favorable sites on leaf surfaces, and is
likely assisted by chemotaxis towards nutrients or plant signaling mol-
ecules. Swarming in particular consists of specific collective, coordi-
nated patterns of rapid movement or migration on a surface (2-10 mm
h’l), and is a remarkable example of cooperative behavior [48,60].
Nevertheless, the extent to which motility benefits epiphytic fitness in
commensal bacteria is not clear. While swarming, adherence and biofilm
production all contribute to efficient colonization [61,62], some authors
have suggested that flagellar and swarming motility may be relevant but
not essential for biofilm formation by B. subtilis [63]. On the other hand
[64], posited that these processes are coordinated in space and time:
first, genes that facilitate motility are expressed; then, matrix production
is activated; finally, spores appear on the upper aerial structures of the
biofilm.

All in all, the results described here further our knowledge about
biofilm production by Bacillus isolates with antagonistic potential
against common maize leaf pathogens like E. turcicum. Other studies
have come up with similar findings for other BCA strains. B. subtilis 6051
formed extense and stable biofilm that could protect plants from attacks
by Pseudomonas syringae [65], and NCIB3610 produced robust biofilm
on the surface of tomato roots [66]. B. velezensis QST713 developed
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biofilm on inert surfaces and helped to inhibit the growth of Trichoderma
aggressivum, which causes green mold disease [67]. [72] similarly sug-
gested that B. velezensis could reduce the severity of plant disease by
forming biofilm. The use of such microbial antagonists as biological
control agents is a promising alternative to pesticides, which often
become accumulated in plants and end up affecting humans directly or
indirectly [48,68].

5. Conclusion

Three strains isolated from the maize phyllosphere, identified as
B. subtilis and B. velezensis and previously selected as potential biocontrol
agents against E. turcicum, proved capable of motility and biofilm for-
mation under changing conditions regarding temperature, water po-
tential, and nutrient availability. Evidence on the ability of BCAs to form
biofilm, and thus adapt and survive in the face of adverse abiotic factors,
is important for the design of consistent and effective biocontrol stra-
tegies against plant pathogens. Other studies are currently underway in
our laboratory, aimed at investigating the effects of light quality on
biofilm formation on maize leaves. This and other research lines should
allow us to have a more accurate picture of the ecology of microor-
ganisms in the phyllosphere, and of their potential uses in agricultural
practices.
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