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host-specific opportunistic pathogen of cattle and sometimes
sheep. H. somni is one of the pathogens responsible for bovine
respiratory disease complex, which is responsible for 61.5% of
the mortality in North American feedlot cattle, as well as
decreased weight gain and morbidity in an additional 10% of
these animals (34). In addition to pneumonia (2, 13, 21), H.
somni can cause meningoencephalitis, myocarditis, arthritis,
septicemia, and other systemic infections (7, 22). H. somni
expresses a wide array of virulence factors, including phase
variation of lipooligosaccharide epitopes (20, 24, 25, 52), decoration of lipooligosaccharide with sialic acid and phosphorylcholine (20, 24, 43), expression of high-molecular-weight immunoglobulin-binding proteins (5, 6, 51), intracellular survival
in professional phagocytes (8, 33), and induction of apoptosis
(46, 47). However, urogenital strains of H. somni lack many of
these virulence factors and are incapable or less capable of
causing disease than isolates from normally sterile sites (43).
Recent genome sequencing of urogenital isolate strain 129Pt
(4) and pneumonia isolate strain 2336 (42) identified many
genetic differences responsible for some of these virulence
attributes. Although clinical isolates of H. somni are phenotypically very similar, strains can be classified by ribotyping (14)
and other molecular methods such as PCR (48).
Although many pathogenic members of the family Pasteurellaceae are encapsulated (32, 36, 37), a capsule has not been
identified on the surface of H. somni. However, we have described the production of an exopolysaccharide (22), which is a
common component of bacterial biofilms. Therefore, we
sought to determine whether H. somni produced a biofilm and,
if so, characterize the formation of this biofilm by pathogenic

Bacterial biofilms are aggregations of bacteria that live in a
highly structured and organized community. Biofilms typically
become established by attachment of planktonic cells to a
surface, followed by production of an extracellular polymeric
substance (ePS) that may consist of polysaccharide, proteins,
and nucleic acids. This interconnecting matrix links the bacterial cells together and begins the establishment of an organized
community. As this congregation of cells matures, it develops
into a well-organized biofilm, which has a distinct architecture
containing open water channels that provide oxygen and nutrients to embedded cells (39, 44). This organization enables
the bacteria to live as a community at a site they could not
otherwise colonize as planktonic cells. Biofilms have long been
recognized in extreme environmental settings (39) and are now
recognized as important complicating factors in many bacterial
infections, including mitral valve endocarditis, osteomyelitis,
dental caries, middle-ear infections, medical device-related infections, and respiratory disease due to cystic fibrosis (11). A
biofilm enhances the resistance of the bacteria to treatment
with antibiotics and host defense mechanisms and enables the
bacteria to colonize a host site that is difficult to later eradicate.
Histophilus somni (Haemophilus somnus) is a gram-negative
coccobacillus and member of the Pasteurellaceae (3). It is a
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Histophilus somni (Haemophilus somnus) is an obligate inhabitant of the mucosal surfaces of bovines and
sheep and an opportunistic pathogen responsible for respiratory disease, meningoencephalitis, myocarditis,
arthritis, and other systemic infections. The identification of an exopolysaccharide produced by H. somni
prompted us to evaluate whether the bacterium was capable of forming a biofilm. After growth in polyvinyl
chloride wells a biofilm was formed by all strains examined, although most isolates from systemic sites
produced more biofilm than commensal isolates from the prepuce. Biofilms of pneumonia isolate strain 2336
and commensal isolate strain 129Pt were grown in flow cells, followed by analysis by confocal laser scanning
microscopy and scanning electron microscopy. Both strains formed biofilms that went through stages of
attachment, growth, maturation, and detachment. However, strain 2336 produced a mature biofilm that
consisted of thick, homogenous mound-shaped microcolonies encased in an amorphous extracellular matrix
with profound water channels. In contrast, strain 129Pt formed a biofilm of cell clusters that were towershaped or distinct filamentous structures intertwined with each other by strands of extracellular matrix. The
biofilm of strain 2336 had a mass and thickness that was 5- to 10-fold greater than that of strain 129Pt and
covered 75 to 82% of the surface area, whereas the biofilm of strain 129Pt covered 35 to 40% of the surface area.
Since H. somni is an obligate inhabitant of the bovine and ovine host, the formation of a biofilm may be crucial
to its persistence in vivo, and our in vitro evidence suggests that formation of a more robust biofilm may
provide a selective advantage for strains that cause systemic disease.
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and commensal strains. We now describe a comprehensive
investigation of biofilm development by H. somni and show
that pathogenic and commensal strains display very diverse
phenotypes at different stages in biofilm development. The
implication of such biofilm development by this obligate inhabitant of bovine mucosal surfaces is discussed.
MATERIALS AND METHODS

OR) was added. After 15 min of incubation at room temperature in the dark the
coverslips were washed in PBS and visualized by CLSM. COMSTAT software
(The Math Works, Inc., Natick, MA) was used to quantify the three-dimensional
biofilm images acquired by CLSM (18). Measurements of the biomass, maximum
thickness, mean thickness, roughness, substratum coverage, and surface/volume
ratio were chosen to characterize the biofilm structures developed by both H.
somni strains.
SEM. The lower portion of the flow cell containing the coverslip was washed
with PBS three times and fixed using 2.5% glutaraldehyde in PBS for 60 min. The
coverslips were then rinsed twice for 10 min each in PBS and processed for
scanning electron microscopy (SEM) by using a graded acetone dehydration
series, followed by the addition of osmium tetraoxide (19). The samples were
subjected to critical drying, mounted onto stubs, and coated with palladium. The
specimens were viewed on a Phillips SEM-515 scanning electron microscope, and
images were obtained at various levels of magnification.
Statistical analysis. The statistical significance (P value) of data obtained using
the COMSTAT software was determined by a paired, one-tailed t test using
GraphPad Prism version 4.0 (GraphPad Software, San Diego, CA.). The LSM
software package (Carl Zeiss) was used to show the substratum coverage and
mean thickness of H. somni strains 2336 and 129Pt at the time intervals of 1, 3,
5, and 7 days of growth.

RESULTS
Biofilm formation by H. somni in PVC wells. As a screen for
biofilm formation, H. somni and control strains were grown in
PVC wells under stationary conditions at 37°C. H. somni strain
129Pt formed quantitatively less biofilm than strain 2336 after
48 h of incubation (lanes 2 and 3, Fig. 1A). In contrast, H.
influenzae type b strain Eag, A. pleuropneumoniae strains
29628, 5372/96, J45 serotype 5, and its isogenic nonencapsulated mutant, H. parasuis strain 8869/92, and M. haemolytica
A1 formed no biofilm in this assay. However, P. aeruginosa and
A. pleuropneumoniae strain K17 serotype 5 did form a biofilm,
but the nonencapsulated mutant of strain K17 did not (Fig.
1A). All strains of H. somni tested formed some biofilm in PVC
wells. However, when the amount of crystal violet-stained
biofilm was quantified, it was found that the majority of
disease isolates formed more biofilm than commensal isolates from the healthy bovine prepuce (lanes 5 to 8 represent
results from the preputial isolates, and lanes 9 to 52 represent results from the disease isolates) (Fig. 1B).
Biofilm formation by H. somni in a continuous-flow cell.
Pathogenic strain 2336 and commensal strain 129Pt were chosen for biofilm analysis because these strains have been well
characterized and both of their genomes have been sequenced
(4, 12). The morphological features of the mature biofilms of
both strains were examined after growth in a continuous-flow
cell system, followed by CLSM, SEM, and topographical analysis. The biofilms were categorized into four distinct stages
after 7 days of growth. The stages (Fig. 2) corresponded to
periods of (i) attachment, (ii) growth, (iii) maturation, and (iv)
detachment. At stage 1 (1-day-old biofilm), the bacterial cells
attached to the surface and formed small cell aggregations.
The biofilms of both strains 2336 (Fig. 2A1) and 129Pt (Fig.
2B1) consisted of a sparse single layer of cells. However, small
cell clusters and aggregates were seen in greater number in
strain 2336 (Fig. 2C1 and 2E1) than in strain 129Pt (Fig. 2D1
and 2F1).
During stage 2 (3-day-old biofilm) there was early development of biofilm architecture, and cell clusters gradually increased in size and number. Strain 2336 formed a thick structure (Fig. 2A2 and 2E2) with large numbers of microcolonies
associated with opaque extracellular matrix strands (Fig. 2C2).
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Bacteria and culture conditions. H. somni strain 2336 (a pathogenic, pneumonia isolate), strain 129Pt (a commensal isolate from the bovine prepuce) and
other H. somni strains were provided and have been characterized by Lynette
Corbeil (University of California at San Diego) (6). Additional H. somni clinical
isolates were obtained from necropsy specimens and were provided by Andrew
Potter (Veterinary Infectious Disease Organization, Saskatoon, Saskatchewan,
Canada). These isolates were identified as H. somni by standard biochemical and
phenotypic tests at the Animal Health Laboratory at the Animal Health Division
of Alberta Agriculture (Edmonton, Alberta, Canada). H. somni was propagated
from ⫺80°C skim milk stock cultures onto Columbia agar containing 5% sheep
blood and incubated at 37°C in 5% CO2. Colonies from 36-h cultures were
inoculated into brain heart infusion (BHI) broth supplemented with 0.1%
Trizma base and 0.01% thiamine monophosphate (BHI-TT) (23) and shaken at
200 rpm at 37°C to late-log phase (5 ⫻ 109 CFU/ml) for growth of planktonic
cells. Actinobacillus pleuropneumoniae strains J45 and K17 and nonencapsulated
mutants of these strains have been previously described (26, 27). A. pleuropneumoniae serotype 7 strains 29628 and 5372/96 were obtained from Martha Mulks
(Michigan State University, East Lansing, MI) and from Karen Post (Rollins
Diagnostic Laboratory, Raleigh, NC), respectively. Biofilm-producing strains
of Pseudomonas aeruginosa were provided by Joanna Goldberg (University of
Virginia, Charlottesville), and Haemophilus influenzae type b strain Eag was
provided by Porter Anderson (University of Rochester School of Medicine,
Rochester, NY). Haemophilus parasuis strain 8869/92 and Mannheimia haemolytica A1 were provided by Karen Post and Reggie Lo (University of Guelph,
Guelph, Ontario, Canada), respectively. Strains of H. parasuis and A. pleuropneumoniae were grown in BHI supplemented with 5 g of NAD/ml, and H.
influenzae was grown in the same medium also supplemented with 5 g of
hemin/ml. All other strains were grown in BHI only.
Biofilm assay in PVC wells. H. somni strains were grown overnight in 10 ml of
BHI-TT, diluted 1:100 in the same medium, and 100 l of diluted culture was
transferred in triplicate to 96-well, polyvinyl chloride (PVC) microtiter wells
(Falcon 3911, Microtest III flexible assay plate; Becton Dickinson). The samples
were incubated at 37°C for 48 h, and 25 l of 1% crystal violet was added to each
well. After 15 min, the wells were washed three times with sterile distilled water.
The biofilm formed in the PVC wells was quantified by addition of 95% alcohol
to solubilize the crystal violet, and the absorbance at 630 nm was determined.
Biofilm formation in flow cells. Single chamber flow cells (Stovall Life Science,
Inc., Greensboro, NC) were obtained as sterile units and assembled according to
the manufacturer’s instructions. The chamber of the flow cell was inoculated with
6 to 8 ml of H. somni strains 2336 or 129Pt in late log phase (5 ⫻ 109 CFU/ml).
After inoculation, the medium flow was arrested for 3 h, and the flow cell was
inverted to enable adhesion of the bacteria to the flow cell coverslip. Medium
flow was resumed at a constant rate of 0.33 ml/min using a peristaltic pump (Cole
Parmer, Vernon Hills, IL). The continuous-flow cell system was incubated at
37°C for 1, 3, 5, and 7 days. Effluent from the flow cell was collected and cultured
to confirm lack of contamination. Each experiment was repeated twice with both
strains at the same time intervals.
CLSM. For 3-dimensional analysis of biofilms, confocal laser scanning microscopy (CLSM) was performed by using a Zeiss LSM 510 laser scanning microscope mounted on an Axiovert 100M apparatus (Carl Zeiss, Jena, Germany) with
a Fluar 20⫻/0.75UV objective. The LSM image browser software was used for
analysis of biofilm images, which allowed for collection of z-stacks, three-dimensional reconstruction, collection of time series, and data analysis. Images were
acquired from random positions in the upper part of the flow cell at 4-m
intervals through the biofilm. The number of images in each stack varied based
on the thickness of the biofilm. Each image stack consisted of 60 to 90 images for
H. somni strain 2336 and 8 to 20 images for H. somni strain 129Pt, since the
biofilm thickness of strain 129Pt was too low to obtain more images under similar
conditions.
After 1, 3, 5, and 7 days of continuous-flow incubation the flow cell chamber
was opened, the upper flow cell portion with the coverslip containing the biofilm
was washed with phosphate-buffered saline (pH 7.2) (PBS), and LIVE/DEAD
BacLight stain (bacterial viability staining kit; Molecular Probes, Inc., Eugene,
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However, strain 129Pt formed thin, elongated cell clusters extending from smaller microcolonies (Fig. 2B2 and 2F2) that
were attached by thin strands of extracellular matrix (Fig.
2D2).
At stage 3 (5-day-old biofilm), the biofilm had fully matured,
and the microcolonies reached maximum size with a complex
architecture. The biofilm of strain 2336 was highly structured
(Fig. 2A3 and 2E3) with numerous microcolonies encased in a
thick, amorphous, and opaque extracellular matrix with water
channels (Fig. 2C3 and 2E3). In contrast, strain 129Pt formed
various types of cell clusters (Fig. 2B3 and 2F3), some of which
turned into distinct tower-shaped structures intertwined with
each other by strands of ePS matrix (Fig. 2D3).
At stage 4 (7-day-old biofilm), the large microcolonies began
to separate, with disruption of the complex structure of the
biofilms. The biofilm of strain 2336 appeared flat, smaller in
size with less matrix (Fig. 2A4 and 2E4), and with new cell
formations (Fig. 2C4); planktonic cells were seen in various
phases of dispersion. Similar features were noted in strain
129Pt, in which the biofilm was also reduced in size (Fig. 2B4
and 2F4). The resulting structure was stretched and disrupted
(Fig. 2D4), with dispersion of planktonic cells.
The bacterial LIVE/DEAD stain was used for staining biofilms for CLSM. On days 1 and 3, live organisms (green) were
predominant throughout the biofilm, compared to dead organisms (red) (Fig. 2A2 and 2B2). In contrast, on days 5 and 7, the
proportion of live organisms appeared to decrease, whereas
the number of dead organisms increased throughout the biofilm (Fig. 2A3, 2B3, 2A4, and 2B4). This suggested that in the
continuous-flow system, H. somni biofilms formed new developmental stages, each of which appeared to have a limited life

span. Of note, the intense red fluorescence in biofilm at day 5
(Fig. 2A3 and 2B3) may be a false depiction of the number of
dead cells and may be due to the presence of extracellular
double-stranded DNA present in the biofilm matrix, as shown
by Jurcisek and Bakaletz in a nontypeable strain of H. influenzae (29).
Overall, biofilm formation in strains 2336 and 129Pt occurred in a chronological process of initial attachment of cells
to a substratum, formation of cell clusters embedded in a
matrix of ePS, biofilm maturation, and finally disruption of the
complex structure (Fig. 2).
Quantitative analysis of biofilm architecture. To confirm
the CLSM observations of biofilm structure, the COMSTAT
image analysis program was used to evaluate six variables of
biofilm architecture: total biomass, average thickness, maximum thickness, roughness coefficient, surface to volume ratio,
and substratum coverage (Fig. 3). Each of these variables was
significantly different between strains 2336 and 129Pt (P ⫽ 0.02
to 0.04).
At day 1, the mean thickness, biomass, and substratum
coverage of the biofilms in strains 2336 and 129Pt was low and
the surface-to-volume ratio was high, which was evidence that
the cells and cell clusters had attached to the substratum.
Single cells and small cell clusters have a greater surface to
volume ratio than larger microcolonies. However, there were
more cell clusters and aggregates formed by strain 2336 than by
strain 129Pt. The biomass and mean thickness of the biofilm of
strain 2336 were 10 m3/m2 and 12 to 15 m, respectively,
whereas the same parameters for strain 129Pt were 1.04 m3/
m2 and 0.8 to 1 m, respectively (Fig. 3A and B).
At day 3, small microcolonies and cell clusters had devel-

Downloaded from http://jb.asm.org/ on May 8, 2021 by guest

FIG. 1. Biofilm formation by H. somni and control strains in PVC wells. (A) Bacteria or medium alone were incubated in PVC wells for 48 h
at 37°C prior to staining with crystal violet. Lanes: 1, BHI; 2, H. somni strain 2336; 3, H. somni strain 129Pt; 4, P. aeruginosa; 5, H. influenzae type
b; 6, A. pleuropneumoniae strain 29628 serotype 7; 7 and 8, A. pleuropneumoniae K17 serotype 5 and its nonencapsulated mutant, respectively; 9
and 10, A. pleuropneumoniae J45 serotype 5 and its nonencapsulated mutant, respectively; 11, A. pleuropneumoniae strain 5372/96; 12, M.
haemolytica A1; and 13, H. parasuis 8869/92. (B) Biofilm quantification by different strains of H. somni after growth in BHI-TT in PVC wells, crystal
violet staining, ethanol solubilization, and determination of the absorbance at 630 nm. Bars represent the means of three independent experiments
performed in triplicate. Error bars represent the standard deviations. The y axis is the optical density at 630 nm.
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oped at the substratum, which was reflected by an increase in
the substratum coverage, mean thickness, and biomass, and
subsequent decrease in the surface/volume ratio. The biofilm
of strain 2336 has a biomass of 130 to 168 m3/m2, mean
thickness of 150 to 180 m and substratum coverage of 81, and
a surface/volume ratio of 0.12 m2/m3. In contrast, the biofilm of strain 129Pt has a biomass of 18 to 20 m3/m2, mean
thickness of 15 to 20 m, substratum coverage of 14.7, and a
surface/volume ratio of 1.56 m2/m3.
At day 5, the biofilm of strain 2336 contained larger microcolonies that took the shape of a mound, as reflected by a
decrease in substratum coverage, an increase in the surface/
volume ratio, and a greater mean thickness and biomass. However, the biofilm of strain 129Pt consisted of cell clusters and
long filaments with a maximum thickness of 90 m, resulting in
an increase in substratum coverage and a decrease in surface/
volume ratio. However, the biofilm of strain 2336 had significantly greater biomass (200 m3/m2; P ⫽ 0.04) and thickness
(250 to 300 m; P ⫽ 0.03), compared to the biomass (30 to 40
m3/m2) and thickness (80 to 90 m) of strain 129Pt.
At day 7, the biofilm of strains 2336 and 129Pt became flat
and unstructured, as indicated by a decrease in substratum
coverage, mean thickness, and biomass. The biofilm of strain
2336 underwent a remarkable decrease in biomass and thick-

ness, which diminished from 200 m3/m2 to 50 m3/m2 and
from 250 m to 60 m, respectively. In a similar manner, the
biofilm of strain 129Pt decreased in biomass and thickness
from 40 m3/m2 to 5 m3/m2 and from 50 m to 7 m,
respectively.
Another parameter that clearly differed in the two strains
was the roughness coefficient. A rough biofilm has many pillars
and towers of cells separated by areas devoid of cells, whereas
a smooth biofilm consists of a more homogenous layer of cells
(18). Strain 2336 had a roughness coefficient (R) of about 0.1
throughout the growth period of 3, 5, and 7 days, indicating the
formation of a homogenous and uniform biofilm. In contrast,
strain 129Pt had an R of about 2, indicating formation of a
rough and heterogeneous biofilm.
In summary, a comparative analysis of the biofilms of strains
2336 and 129Pt for the variables described above indicated that
the strains formed significantly different biofilms at all stages
(Fig. 3). Comparison of the 5-day-old mature biofilms demonstrated that strain 2336 colonized the large substratum rapidly
and formed a thick biofilm characterized by larger microcolonies that were separated by water channels. In contrast, the
biofilm of strain 129Pt formed a thin and heterogeneous biofilm characterized by smaller microcolonies with elongated
tower-shaped structures.
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FIG. 2. Comparison of the life cycle of biofilm formation by H. somni strains 2336 and 129Pt. Orthogonal sections showing horizontal (z) and
side views (x and y) of reconstructed three-dimensional biofilm images at a magnification of ⫻20. Biofilms were stained with LIVE/DEAD stain,
resulting in live and dead bacteria appearing as green or red, respectively. Panels A1 to D1 show the first stage of biofilm formation at day 1, panels
A2 to D2 show the second stage of biofilm formation at day 3, panels A3 to D3 show the third stage of biofilm formation at day 5, and panels A4
to D4 show the fourth stage of biofilm formation at day 7. Panels A1 to A4 show confocal images of biofilm formation by strain 2336 at 1, 3, 5,
and 7 days of growth, respectively, and panels B1 to B4 show confocal images of biofilm formation by strain 129Pt at 1, 3, 5, and 7 days of growth,
respectively. Dead organisms appear red, live organisms appear green, and a mixture of live and dead organisms appear yellow. Panels C1 to C4
show SEM images of biofilm formation by strain 2336 at 1, 3, 5, and 7 days of growth, respectively, and panels D1 to D4 show SEM images of
biofilm formation by strain 129Pt at 1, 3, 5, and 7 days of growth, respectively. Arrows indicate (i) microcolonies in the biofilms of strain 2336 (C2)
and in strain 129Pt (D2), (ii) exopolysaccharide thin strands in the biofilm of strain 129Pt (D2) and ePS matrix by strain 2336 (C3), and (iii) water
channels in the biofilm of strain 2336 (C3). Panels E1 to E4 and F1 to F4 show topographical images of biofilm growth at 1, 3, 5, and 7 days for
strains 2336 and 129Pt, respectively.
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DISCUSSION
Many members of the Pasteurellaceae family such as Pasteurella spp. (38), M. haemolytica (38), A. pleuropneumoniae (31),
H. parasuis (28), A. actinomycetemcomitans (30), and H. influenzae (15, 35, 45) have been reported to form biofilms. P.
multocida requires special growth conditions, such as the addition of fetal bovine serum, incubation under 10% CO2, and
a longer culture time to form a biofilm in the Calgary Biofilm
Device (38). H. somni did not require any special conditions to
form a biofilm, which developed in all media tested. Only some
strains of A. pleuropneumoniae form biofilms in microtiter
plates or glass tubes with agitation, and the phenotype of the
biofilm is lost when the bacteria are passed two times in broth
(31). In the present study of the A. pleuropneumoniae strains
tested, only strain K17 serotype 5 formed a biofilm in PVC
wells. For H. parasuis, most strains form a biofilm in vitro, but
the phenotype of biofilm formation is related to the in vivo
recovery site of the strain (28). However, in the present study
H. parasuis strain 8869/92 did not form a biofilm in PVC wells.
In contrast, all strains of H. somni tested formed a biofilm
based on the ring assay for microbial deposit on PVC wells
(10). Of particular interest was that H. somni formed a biofilm

within 48 h under most types of growth conditions in broth,
except during rapid shaking (⬃200 rpm). However, the biofilm
formed by a pathogenic strain of H. somni was very different
from that of a commensal strain. Although other strains were
not examined in detail, based on the greater amount of biofilm
formed by most pathogenic strains compared to commensal
strains in PVC wells, the differences in biofilm biomass and
structures observed are likely to be consistent. It is possible
that there are phylogenetic differences between pathogenic
and commensal strains of H. somni, which could correlate with
differences in biofilm architecture. The 16S rRNA gene sequence is highly similar between all H. somni strains (⬎99.5%).
However, greater heterogeneity and resolving power exists in
the rpoB gene sequence (3). Further investigation is required
in order to determine whether pathogenic and commensal
isolates can be clustered based on the sequence of the rpoB
gene, and if this gene plays a role in biofilm formation.
A unique feature of H. somni that distinguishes it from other
members of the Pasteurellaceae is the substantial difference in
the amount and architecture of biofilm formed by pathogenic
strains compared to commensal strains. Biofilm development
in many bacterial species progresses through multiple devel-
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FIG. 3. Comparison of different variables for biofilm formation by pathogenic strain 2336 and commensal strain 129Pt at 1, 3, 5, and 7 days of
growth. Variables examined include biomass (A), mean thickness (B), maximum thickness (C), substratum coverage (D), roughness coefficient (E),
and surface/volume ratio (F). Graph lines represent the cumulative data of two independent experiments. Error bars represent the standard
deviations.
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colonize the urogenital tract, which is a substantially different
environment from that of systemic tissue sites. The genome
sequences of strains 2336 and 129Pt have been completed (4,
45) and show there are substantial gene rearrangements and
loss or interruption of many genes in strain 129Pt compared to
strain 2336. Future microarray analysis is expected to provide
additional information regarding the genes that contribute to
biofilm formation and differences in biofilm architecture. To
further investigate the relationship between biofilm formation
and pathogenesis, studies on biofilm formation are under way
in the natural host.
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