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Mannheimia haemolytica is one of the bacterial agents responsible for bovine respiratory disease (BRD). The
capability of M. haemolytica to form a biofilm may contribute to the development of chronic BRD infection by
making the bacteria more resistant to host innate immunity and antibiotics. To improve therapy and prevent
BRD, a greater understanding of the association between M. haemolytica surface components and biofilm for-
mation is needed. M. haemolytica strain 619 (wild-type) made a poorly adherent, low-biomass biofilm. To
examine the relationship between capsule and biofilm formation, a capsule-deficient mutant of wild-type
M. haemolytica was obtained following mutagenesis with ethyl methanesulfonate to obtain mutant E09. Loss
of capsular polysaccharide (CPS) in mutant E09 was supported by transmission electron microscopy and Man-
eval’s staining. Mutant EQ9 attached to polyvinyl chloride plates more effectively, and produced a significantly
denser and more uniform biofilm than the wild-type, as determined by crystal violet staining, scanning electron
microscopy, and confocal laser scanning microscopy with COMSTAT analysis. The biofilm matrix of EO9 con-
tained predominately protein and significantly more eDNA than the wild-type, but not a distinct exopoly-
saccharide. Furthermore, treatment with DNase I significantly reduced the biofilm content of both the wild-type
and E09 mutant. DNA sequencing of E09 showed that a point mutation occurred in the capsule biosynthesis gene
wecB. The complementation of wecB in trans in mutant E09 successfully restored CPS production and reduced
bacterial attachment/biofilm to levels similar to that of the wild-type. Fluorescence in-situ hybridization mi-
croscopy showed that M. haemolytica formed a poly-microbial biofilm with Histophilus somni and Pasteurella
multocida. Overall, CPS production by M. haemolytica was inversely correlated with biofilm formation, the
integrity of which required eDNA. A poly-microbial biofilm was readily formed between M. haemolytica,
H. somni, and P. multocida, suggesting a mutualistic or synergistic interaction that may benefit bacterial colo-
nization of the bovine respiratory tract.

1. Introduction

Bovine respiratory disease (BRD) is the most economically important
burden to the cattle industry due to decreased performance, treatment
costs, and mortality [1,2]. BRD is a multifactorial disease that is usually
caused by a combination of bacterial, viral, and environmental factors.
Mannheimia haemolytica is a common bacterial cause of BRD, while other
important bacterial pathogens include Pasteurella multocida, Histophilus
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somni, and Mycoplasma species [3,4]. Despite the development of
numerous vaccines and antimicrobial agents targeting bacteria respon-
sible for BRD, there has been little improvement in reducing morbidity
and mortality [5].

M. haemolytica has been classified into at least 12 serotypes (A1, A2,
A5-A9, A12-A14, A16, and A17) based on its capsular polysaccharide
(CPS) [6]. Serotypes A1, A2, and A6 are the most common isolates found
in the upper respiratory tract of cattle [3,7]. However, cattle suffering
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Table 1
Bacterial strains and plasmids used in this study.
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Name Description

Source

Mannheimia haemolytica strains
TI619 (wild-type) Serotype Al; a bovine clinical isolate.

The clinical lab at
Virginia Tech

Mutant E08 Chemically-induced mutants derived from strain TI619. This study

Mutant E09

wecB-complemented Mutant E09 harboring the recombinant plasmid pNS3Cm-pwecB-wecB. This study
strain

Pasteurella multocida strains

P5 A capsule-deficient variant of Pasteurella multocida strain C0513, which was a rough colony variant isolated after 5 serial [31]

passages of a single colony of C0513.

Histophilus somni strains

2336 A pathogenic pneumonia isolate. [32]

2336AIbpA9 A mutant derived from strain 2336, which has an in-frame deletion of both the DR1 and DR2 sequences to remove the toxic Fic [34]

motif in immunoglobulin binding protein (IbpA).
Escherichia coli strains

TOP10 A common lab strain that is naturally resistant to streptomycin and used for the construction of pNS3K-pwecB-wecB. NEB
DH5a A common lab strain that is used for the construction of plasmid pNS3Cm-pwecB-wecB. NEB
Plasmids

PNS3K A derivative of the broad host-range shuttle plasmid pLS88, which contains a kanamycin resistance gene (Kan+). [33]
PNS3K-pwecB-wecB A pNS3K plasmid containing M. haemolytica wecB and its promoter region (pwecB). This study
PNS3Cm-pwecB-wecB A recombinant plasmid with the pNS3K-pwecB-wecB backbone, but having the kanamycin gene cassette (Kan-) replaced witha  This study

chloramphenicol gene cassette (Cat+).

from pneumonia become heavily colonized by serotype Al or A6 in the
lungs and nasopharynx [8,9]. Therefore, serotype Al and A6 strains are
recognized as important pathogens in cattle, whereas serotype A2
strains are considered respiratory commensals [10-12]. Although crit-
ical factors for the transition of M. haemolytica between commensal and
pathogenic states remain unclear, several virulence factors have been
identified and characterized for contributing to M. haemolytica coloni-
zation of the lungs and development of disease. For example, adhesin
proteins, including OmpA and an iron-binding protein, contribute to
adherence of M. haemolytica to neutrophils and epithelial cells in the
respiratory tract [13]. CPS on the surface of M. haemolytica enhances
resistance to phagocytosis by macrophages and neutrophils [14,15].
Leukotoxin produced by M. haemolytica can kill white blood cells and is
likely a major contributor to lung tissue damage [16,17].

Many common bacterial pathogens form biofilms in their host
[18-20]. Bacteria initially attach to host cells, and produce extracellular
polymeric substances consisting of polysaccharides, proteins, and
extracellular nucleic acids (eDNA) to form mature biofilms with an
organized structure. Bacteria residing within biofilms benefit from
physical shielding against host immune responses and undergo pheno-
typic alterations that confer resistance to antimicrobial agents [21,22].
Thus, biofilm formation is recognized as a significant bacterial pheno-
type that contributes to the development of chronic infections that are
difficult to treat [23-25].

Previous studies have shown that M. haemolytica can form a biofilm
in vitro and that proteins are the most abundant macromolecules within
the extracellular polymeric substance [26]. M. haemolytica can also form
biofilms on bovine epithelial cells in vitro [23], and form dual-species
biofilms with P. multocida, although M. haemolytica forms a better sin-
gle species biofilm [27]. M. haemolytica surface components, particu-
larly outer membrane proteins (OMPs), have been demonstrated to act
not only as virulence factors for host colonization [13] and inhibition of
phagocytosis [28], but are also involved in biofilm formation [29,30].
However, there is limited understanding of how the bacterium mediates
its surface components to orchestrate multiple events, including shifting
from the planktonic state to a biofilm, and evasion of immune responses
during infection.

The objectives of this study were to further characterize biofilm
formation by M. haemolytica, examine the composition of the biofilm
matrix, and determine if there is an association between M. haemolytica
CPS and biofilm formation. Furthermore, we sought to determine the
capability of M. haemolytica, P. multocida, and H. somni to interact and

form a polymicrobial biofilm. Understanding the processes and de-
terminants for M. haemolytica biofilm formation may illuminate the
mechanisms underlying chronic BRD infections and provide insights to
improve management and prevention strategies for controlling BRD.

2. Materials and methods
2.1. Bacterial strains and culture conditions

Bacterial strains and plasmids used in this study are listed in Table 1.

The stock organisms were maintained in 10 % skim milk at —80 °C.
Due to the varied fastidious nature of these bacteria and optimal
planktonic or biofilm growth, different media needed to be used. For
planktonic growth M. haemolytica and P. multocida strains were cultured
in brain heart infusion (BHI) broth (BD Difco™, Franklin Lakes, NJ,
USA), whereas H. somni strains 2336 and 2336AIbpA9 were grown in
Columbia broth (BD Difco™) containing 0.1 % Trizma® base (Sigma-
Aldrich, St. Louis, MO, USA) and 0.01 % thiamine monophosphate
chloride dihydrate (TMP; Sigma-Aldrich) at 37 °C. H. somni 2336 AIbpA9
is an isogenic mutant lacking the toxic fic motif in the ibpA gene [34]. H.
somni strain 2336 is toxic for bovine epithelial cells and could not be
used for biofilm studies involving tissue culture cells [35,36] (Fig. S1).
There was no significant difference in the amount of biofilm formed by
H. somni strain 2336 in 1-ml of medium in tubes (A562 of biofilm after
crystal violet staining = 1.42 + 0.13) or by H. somni 2336AIbpA9 (1.71
=+ 0.06), or on coverslips, as determined by confocal Laser Scanning
microscopy (CLSM) (Fig. S2 and Fig. 12). Therefore, H. somni
2336AIbpA9 was used for most in vitro biofilm studies for consistency.
E. coli cultures were grown in Miller’s Luria-Bertani (LB) broth (BD
Difco™) at 37 °C. Pasteurellaceae strains were grown with shaking at
37 °C in broths to mid-log phase (about 10° colony forming units
(CFU)/ml), determined spectrophotometrically and confirmed by viable
plate counts.

The medium used for the growth of single- or poly-species biofilms
varied to meet nutrient requirements and for optimal biofilm formation
by all strains. M. haemolytica formed superior biofilms in RPMI medium
compared to Dulbecco’s Modified Eagle Medium (DMEM), whereas
H. somni formed moderate biofilms in DMEM supplemented with 25 %
fetal bovine serum (FBS), but no biofilm in RPMI. Therefore, DMEM -+
FBS was used for the growth of all dual- and poly-species biofilms. The
choice to use DMEM for M. haemolytica biofilms in SEM analysis was to
maintain uniform conditions for all microscopic analyses.
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2.2. Ethyl methanesulfonate (EMS) mutagenesis and biofilm formation
screen

Methods described elsewhere [37,38] were followed, but modified
for EMS-induced mutagenesis of M. haemolytica strain TI619. Bacteria
grown to the mid-log phase were collected by centrifugation (5000 g, 5
min, room temperature) and resuspended in 1/10 volume of fresh BHI.
The culture was treated with 7.5 pl of ethyl methanesulfonate (Sig-
ma-Aldrich; >98 % purity) per ml of culture, and the bacteria were
incubated for an additional 2 h. The bacteria were washed in 0.01 M
phosphate-buffered saline, pH 7.4 (PBS) and resuspended in BHI. Un-
diluted and diluted suspensions of the mutagenized bacteria were spread
on BHI agar plates (containing 2.5 % sucrose and 750 pg/ml of Congo
Red) and incubated at 37 °C for 24 h. Clonal isolates of dark red colonies
were obtained in pure culture and further characterized.

The cultures of M. haemolytica strain TI619 (wild-type) and EMS-
induced mutant strains were diluted 1:100 in Gibco™ RPMI medium
without glutamine and phenol red (ThermoFisher Scientific, Waltham,
MA), but supplemented with 1 % glucose. Two-hundred microliters of
diluted culture was transferred in triplicate to 96-well, polyvinyl chlo-
ride (PVC) microtiter wells (BD). The samples were incubated at 37 °C
for 5 days to form biofilms. The mature biofilms were then quantified
using crystal-violet (CV) staining (described below). Mutants that
formed significantly more biofilm than the wild-type were selected for
further investigation.

2.3. Whole genome sequencing and identification of point-mutation
sites in mutant EO9

Genomic DNA from M. haemolytica strain TI619 and mutant E09 was
extracted using the MasterPure™ DNA Purification Kit (Epicentre
Technologies, Madison, WI, USA), according to the manufacturer’s in-
structions. Purified genomic DNA was submitted to Eurofins Genomics
for sequencing using Oxford Nanopore Technologies (ONT) sequencers,
which use third-generation sequencing technology capable of real-time
long-read sequencing of DNA. The resulting reads were processed using
Eurofins’ Nanopore data analysis pipeline, which included quality
filtering, assembly, annotation, and quality checks. ProgressiveMauve
alignment and phylogenetic trees were used for comparative genomic
analysis [39]. The sequences have been submitted to NCBI BioSample
and assigned the accession numbers SAMN43389803 for M. haemolytica
TI619, and SAMN43369804 for M. haemolytica mutant EQ9, with the
submission ID SUB14687458.

The gene cluster (14,907 bp) responsible for capsule biosynthesis
was dissected into 5 regions. Each region was amplified and sequenced
(Eurofins Genomics LLC, Louisville, KY, USA). The sequencing results
were aligned against the sequence of the capsule cluster in reference
strain M. haemolytica M42548 (NC_021082.1: 491,824-506730 bp,
https://www.ncbi.nlm.nih.gov/nuccore/NC_021082.1)  with  NCBI
genome database.

The protein sequence encoded by gene wecB (WP_006248279.1) was
applied to DELTA-BLAST to search conserved domains and to identify
homologous sequences in the NCBI protein database. The iCn3D Struc-
ture Viewer (https://www.ncbi.nlm.nih.gov/Structure/icn3d/full.html)
was used to generate the view of the protein structure of E. coli wecB
(1F6D) and to identify the locations of conserved domains and molec-
ular interactions.

2.4. Determination of CPS on mutant E09

a. Transmission electron microscopy (TEM). For morphological
analysis of CPS on the cell surface, bacterial cells were fixed by the
lysine-ruthenium red (LRR) fixation procedure as previously
described [40] and examined using TEM at the Cold Spring Harbor
Core Microscopy Laboratory.

Biofilm 8 (2024) 100223

b. Maneval’s staining. Negative staining for encapsulation was per-
formed using Maneval’s method [41]. Bacteria were grown in BHI
broth for 4 h to log phase. One microliter of log phase bacteria sus-
pended in PBS was spread on a grease-free glass microscope slide and
mixed with 1 pl of 1 % aqueous Congo red solution (Sigma-Aldrich).
The mixture was gently spread into a thin film and allowed to air dry
without heat fixation. The smears were counterstained with Maneval
stain (Carolina Biological Supply Company, Burlington, NC, USA) for
1 min, drained, and air dried. Stained smears were examined at 100x
by light microscopy (Nikon, Melville, NY, USA).

c. CPS extraction and assay for carbohydrate content.
M. haemolytica strains were grown on BHI agar for 2 days. Bacterial
colonies were scraped off, washed with PBS, and resuspended to an
OD600 of 0.8 (about 10° CFU/ml) in PBS. The crude capsular ma-
terial was extracted by incubating the bacteria at 40 °C for 1 h, as
previously reported [42] with slight modification. The supernatant
containing CPS was collected by centrifugation (8000 g, 15 min) and
quantified using the Anthrone assay [43] in comparison to glucose
standards.

2.5. Complementation of the capsule-deficient mutant

A 1.36-kb fragment containing M. haemolytica wecB and its promoter
region (pwecB) was cloned into shuttle plasmid pNS3K [33] using
primers: 5-GCGAATTCTTAATCTCATATTCGTATTTATG-3' with an
EcoRI-cutting site (underline) and 5-CGTCTAGAATTTATCCCTTA
TTATTGTTTTG-3' with an Xbal-cutting site (underline). The recombi-
nant plasmid pNS3K-pwecB-wecB was transformed into competent E. coli
TOP10 cells using chemical transformation [44]. The kanamycin resis-
tance gene in recombinant plasmid pNS3K-pwecB-wecB was then
replaced with a chloramphenicol resistance gene (cat) for better selec-
tion efficiency. Briefly, cat was amplified using primers: 5
CAAGGGGTGTTATGGAGAAAAAAATCACTGGATATACCA 3 and 5
CATTATGTCTAGTTACGCCCCGCCCTGC 3’. The pNS3K backbone frag-
ment containing pwecB-wecB, but not the kanamycin resistance gene
(pNS3-SodC-pwecB-wecB), was amplified using primers 5
GGGCGTAACTAGACATAATGGTGTCCGTTC 3 and 5 TTTTCTCCA-
TAACACCCCTTGTATTACTGTTTA 3’. PCR products of pNS3-SodC-p-
wecB-wecB and cat were assembled using Nebuilder HiFi DNA assembly
Master Mix (New England Biolabs, Ipswich, MA, USA) to construct the
recombinant plasmid pNS3Cm-pwecB-wecB. Competent cells of
M. haemolytica E09 were prepared and electroporated for the uptake of
pNS3Cm-pwecB-wecB, as described elsewhere [45,46]. Successful
complementation of plasmid pNS3Cm-pwecB-wecB into M. haemolytica
mutants was confirmed by colony PCR and restriction-enzyme digestion
using EcoRI and Xbal (NEB).

2.6. Determination of attachment and biofilm formation

a. Crystal-violet (CV) staining. Biofilms of M. haemolytica strain
TI619, mutant EQ9, and wecB-complemented E09 were formed after
5 days incubation in RPMI medium (no glucose supplement) as
described above (2.2). The culture medium was refreshed every 2
days. A modified CV staining method [47] was performed to quantify
the biofilm biomass in 50-ml tubes. Briefly, biofilms were gently
rinsed with sterile distilled water once and air-dried for 1 h. One
hundred microliters of 0.1 % CV was then added to each well. After
15 min, the wells were washed twice with sterile distilled water to
remove unbound dye. CV bound to attached cells or the biofilm was
solubilized by addition of 200 pl of 30 % acetic acid, and the A562
was determined with a GloMax Discover System (Promega Corpo-
ration, Fitchburg, W1, USA). Attachment to the wells was determined
by the same method except the bacteria were incubated in the wells
for only 18 h. For quantification of cells, carbohydrates, proteins, and
DNA in the biofilm matrix, the biofilm was cultivated in a 50-ml
tube, and the biofilm adhering firmly to the inner wall of the tube
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Fig. 1. The effect of CPS production and restoration (wecB-complemented
strain) on attachment and biofilm formation by M. haemolytica. M. haemolytica
wild-type, mutant E09, and wecB-complemented strains were incubated stati-
cally for either 1 day or 5 days in a 96-well polyvinyl chloride microtiter plate.
Biofilm biomass was quantified using crystal violet (CV) staining. The values for
each group were normalized to the A562 mean of 1-day-old cultures of the wild-
type strain. Statistical significance was determined using two-way ANOVA
followed by Tukey’s test. Different lowercase letters indicate significant dif-
ferences between groups for attachment after one day (P < 0.001), while
different uppercase letters indicate significant differences between groups for 5-
day-old biofilms (P < 0.01). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

was harvested as the biofilm matrix. The samples were analyzed for
composition, and shown as the amount per unit area by dividing the
total amount of each component by the surface area of the 50-ml
tube.

b. Scanning electron microscopy (SEM). M. haemolytica strain TI619
and mutant EO9 were inoculated onto square silicon chips in a PVC 6-
well plate containing DMEM with 5 % fetal bovine serum (FBS) for 5
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days to form biofilms. The culture medium was refreshed every 2
days. SEM was performed on biofilm samples as previously described
[47] with modification. The silicon chips with biofilms were
removed from the wells and washed with PBS once to remove any
loosely attached cells. The chips were then immersed in fixing so-
lution (2.5 % (w/v) glutaraldehyde in PBS) for 1 h at room tem-
perature. After rinsing with PBS and a 30-min-post-fixation with 1 %
osmium tetroxide in the dark, specimens were washed two times
with double-distilled water, dehydrated using a graded ethanol se-
ries (35, 50, 70, 70, 95, 95, 100, 100, 100, and 100 % for 15 min
each), and then chemically dried with 100 % hexamethyldisilazane
(Sigma-Aldrich) for 15 min. After air drying, specimens were
mounted on aluminum stubs with double-sided carbon tape, coated
with 15-nm platinum, and observed with a JSM-6500 F scanning
electron microscope (JEOL, Tokyo, Japan).

. Fluorescence In-Situ Hybridization (FISH), fluorescence micro-

scopy, Confocal Laser Scanning Microscopy (CLSM), and COM-
STAT analysis of biofilms. The generation time of H. somni is much
slower than that of M. haemolytica and P. multocida, As a result,
preliminary studies showed that if H. somni was cultured with
P. multocida or M. haemolytica at the same density and at the same
time, only the latter strains were detected (data not shown). There-
fore, H. somni was prepared at an inoculation density of 10% CFU/ml,
which is 10,000-fold higher than the density of the other two Pas-
teurellaceae species (10* CFU/ml). For single-species biofilms,
M. haemolytica strain TI619, M. haemolytica mutant E09, H. somni
strain 2336 or 2336AIbpA9, and P. multocida strain P5 were inocu-
lated onto round Chemglass Life Sciences coverslips (ThermoFisher
Scientific) in PVC 24-well plates containing DMEM with 5 % FBS and
incubated for 5 days to form biofilms. The culture medium was
refreshed every 2 days. For dual-species biofilms, M. haemolytica
strains were co-inoculated with H. somni 2336 or 2336AIbpA9 on the
first day or sequentially inoculated after H. somni 2336 formed a
biofilm on the third day on bovine turbinate cells or coverslips. For
poly-species biofilms, M. haemolytica TI619 and P. multocida strain
P5 were co-inoculated with H. somni 2336AIbpA9 on the first day.
The incubation time for the formation of dual- and poly-species
biofilms was a total of 5 days. FISH was performed as described
[48] with modifications to detect the bacteria within single- or
poly-species biofilms. For differentiation of the 3 Pasteurellaceae
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Fig. 2. Scanning electron microscope images of biofilm formation of M. haemolytica wild-type strain and mutant E09. M. haemolytica wild-type strain TI619
(A) and mutant E09 (B) were inoculated on silicon chips in culture medium and incubated at 37 °C for 5 days. SEM images were taken at 2.0 x 10* magnification.
Extracellular matrix (less common in wild-type) and cell clusters (only in mutant) are indicated by red arrows and yellow brackets, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Comparison of biofilm architecture and COMSTAT analysis of CLSM images of M. haemolytica wild-type and mutant E09. Five-day-old biofilms of the
wild-type (A and B) and mutant E09 (C and D) were imaged by CLSM under the orthogonal (A and C) and topographical (B and D) view after FISH using the
oligonucleotide 16 S rRNA probe labeled with 6-FAM for M. haemolytica. Scale bars: 20 pm. CLSM Z-stack images of biofilms were processed with COMSTAT analysis
in Image J to quantify biofilm biomass (E), thickness (F), roughness (G), and the ratio of surface to biovolume (H). Bars represent the mean and the standard de-

viation. Significance was determined by two-tailed t-tests; *, P < 0.05.
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Fig. 4. Composition of the biofilm matrix formed by M. haemolytica wild-
type and mutant E09. The density of bacterial cells (A), and the content of
protein (B) and carbohydrate (C) were determined by viable plate count, BCA
assay, and Anthrone assay, respectively. Approximate concentrations of eDNA
(D) were determined following gel electrophoresis, the bands imaged using the
ChemiDoc MP imaging system, band intensities measured using Image Lab
software, and the band intensities compared to a standard curve from DNA
molecules with known concentration in the ladder on the gel. Bars represent the
mean and the standard deviation. Significance was determined by two-tailed t-
tests; *P, < 0.05; **, P < 0.01.

species, the three following oligonucleotide 16 S rRNA probes
labeled with different fluorophores were used to determine the
spatial arrangement of bacteria: 5’-/TEX615/GTT CCC ACC CTA
ACA TGC TGG -3’ (Integrated DNA Technologies Inc., IDT, Coral-
ville, IA, USA) to detect H. somni, 5’-/6-FAM/CTC GTC ACC CAA
GGA GCA AAC TCC -3 (IDT) to detect M. haemolytica, and
5’-/ATTO390/GCA AGC TTT CTT CCT GCT ACC GT -3’ (Eurofins
Genomics LLC) to detect P. multocida. Biofilms on round glass cov-
erslips were rinsed, dried, and fixed with 4 % (w/v) paraformalde-
hyde/PBS. Fixed biofilms were then rinsed and incubated with 200
ng of specific oligonucleotide 16 S rRNA probe or with mixed probes
per coverslip in 20 pl hybridization buffer (900 mM NaCl, 20 mM
Tris-pH 7.5, 0.01 % SDS, and 25 % formamide), followed by incu-
bation with washing buffer (150 mM NaCl, 5 mM EDTA, 20 mM
Tris-pH 7.5, and 0.01 % SDS) and rinsed with cold distilled water.
The glass coverslips were embedded biofilm-side down with 8 pl of
Invitrogen™ ProLong™ Glass Antifade Mountant (ThermoFisher
Scientific) on glass slides, sealed with Biotium coverslip sealant
(ThermoFisher Scientific), and stored in the dark at 4 °C for micro-
scopy. Fluorescence microscopy was performed on a Nikon E200
Fluorescence Microscope (Nikon, Tokyo, Japan) with a 40x objective
using TxRed (560-635 nm), FITC (480-535 nm), and DAPI
(390-475 nm) filters. CLSM was performed on a Zeiss 900 AiryScan 2
confocal laser scanning microscope (Zeiss; Oberkochen, Germany)
with a 20x objective and using Cy5 and FITC filters. Z-stack images
were analyzed using the image-processing software COMSTAT [49]
in Image J (http://rsb.info.nih.gov/ij/).

2.7. Determination of the biofilm matrix composition and other surface
components

a. Biofilm matrix. The biofilm matrix was prepared as previously
described [50] with modification. Biofilms of M. haemolytica strain
TI619 and mutant E09 were prepared as described in 2.6. b (SEM).
The biofilm biomass was collected and suspended in PBS. The sam-
ples were vortexed for 20 min at maximum speed to homogenize and
release the water-soluble components, followed by centrifugation
(6000 g, 10 min, 4 °C) to remove bacterial cells. The supernatant was
filter-sterilized using 0.2 pm pore-sized membrane filters (Thermo-
Fisher Scientific) and stored at —20 °C for further examination. The
protein and carbohydrate content was determined using the BCA
assay (ThermoFisher Scientific), and Anthrone assay, respectively, as
described above. Gel electrophoresis of the biofilm matrix in com-
parison to the band intensity of known DNA standards was used to
determine the eDNA content in the biofilm matrix.

DNAse treatment of growth medium prior to biofilm formation

—_

To remove eDNA during biofilm formation, DNase I (Sigma-Aldrich)
was added to the medium prior to bacterial inoculation. Biofilms of
M. haemolytica strain TI619 and mutant EO9 were developed for 24 h
and analyzed using CV staining as described above. DNA fragments were
analyzed using agarose gel electrophoresis, followed by staining of the
gel with the DNA dye GelGreen® Nucleic Acid Stain (Millipore/Sigma-
Aldrich; Rockville, MD). The stained gel was imaged with the ChemiDoc
MP Imaging system (Bio-Rad; Philadelphia, PA) and band intensities
were measured using Image Lab software (Bio-Rad). The eDNA (D)
concentrations were calculated by comparing the eDNA band intensities
to a standard curve.

2 Determination of monosaccharides in the biofilm matrix

For isolation of CPS during planktonic growth, M. haemolytica strain
TI619 was grown in 1 L of broth medium in a 4-L flask with shaking at
200 rpm at 37 °C to late stationary phase. Bacterial cells were removed
by centrifugation and the CPS was isolated from the supernatant as
previously described [51]. For isolation of EPS from the biofilm matrix,
M. haemolytica EO9 was grown in a 1-L bottle containing 1 L of RPMI
medium at 37 °C with very slow rotation (about 35 rpm) for 5-6 days.
The clear supernatant (about 900 ml) was carefully discarded, and the
biofilm sediment was collected. The EPS was extracted and purified as
previously described [51] for purification of H. somni EPS. The mono-
saccharide composition of the CPS and EPS was determined using Gas
Chromatography/Mass Spectrometry (GC/MS) after conversion of the
glycoses to acetylated O-methy glycosides, as described [51].

b. Protein-enriched outer membranes (PEOM) and lipopolysac-
charide (LPS).

Total membranes, PEOM, and LPS were prepared as previously
described [52,53]. Briefly, for preparation of PEOM, bacterial cultures
(10° colony forming units (CFU)/ml) of M. haemolytica wild-type strain
and mutant EQ9 were grown to log phase, and pelleted by centrifugation
at 10,000xg for 15 min at 4 °C. Cell pellets were washed with cold PBS
and resuspended in HEPES buffer (10 mM, pH 7.4) containing 10 U/ml
endonuclease (Benzonase® Nuclease, Merck Millipore) and 1X protease
inhibitors (Thermo Fisher Scientific). The cells were lysed by sonication
on ice for 12 bursts of 15 s each, with 1-min intervals between each
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Fig. 5. Polysaccharide composition of M. haemolytica biofilms in comparison to CPS by GC-MS. Carbohydrate composition of capsular polysaccharide (CPS)
from planktonic M. haemolytica wild-type (A), biofilm polysaccharide from the wild-type (B), and biofilm polysaccharide from mutant E0O9 (C). The profiles of
polysaccharides detected in the biofilm of the wild-type and mutant EO9 were similar to the profile of CPS from the wild-type. Glc, Gal, and Man stand for glucose,
galactose and mannose, respectively. Hep, HexNA, and HexN indicate the presence of a heptose, a hexosaminuronic acid, and a hexosamine residue, respectively, of
unknown stereochemistry due to the lack of the appropriate standards. “i” indicates impurity, C16:0 and C18:0 are two long chain fatty acids that occur as con-
taminants. The signals eluted before 13.5 min are impurities and are not labeled.

burst. The lysate was centrifuged at 12,000xg for 5 min at 4 °C, and the
supernatant was then ultra-centrifuged at 255,000xg for 1 h to obtain
the total membrane fraction. The pellet was resuspended in 1 ml of cold
HEPES buffer, homogenized, and filled to the top of a 10-ml tube with
10 mM HEPES buffer containing 2 % sodium lauryl sarcosinate and kept
at room temperature for 30 min. The mixture was centrifuged at 255,
000xg for 1 h, the extraction of the pellet was repeated once, and that
pellet was resuspended in HPLC-grade water. The protein concentration
in the PEOM was determined using the Pierce BCA protein assay
(Thermo Fisher Scientific) following the manufacturer’s instructions.
Samples containing 3.5 pg of protein were mixed with 20 % (v/v) of 6x
Laemmli buffer (375 mM Tris buffer at pH 6.8, 12 % SDS, 60 % glycerol,
0.03 % bromophenol blue, and 15 % 2-mercaptoethanol). The samples
were heated and resolved by electrophoresis through 4-12 % Bis-Tris
gels (Thermo Fisher Scientific), and stained with Page Blue protein
staining solution (Thermo Fisher Scientific).

Extraction, electrophoresis, and staining of LPS was carried out as
previously described [52,54].

2.8. Statistical analysis

Significant differences between two data sets were determined using
student’s two-tailed t-test. Significant differences between groups was
assessed by one-way analysis of variance (ANOVA) using SigmaPlot
(Grafiti LLC, Palo Alto, CA). Pairwise comparisons were performed using
Tukey’s test. The differences were marked by lowercase letters. For all
tests, a P value of <0.05 was considered significant.

3. Results

3.1. Selection of putative capsule-deficient mutants is associated with
greater attachment and biofilm formation than M. haemolytica wild-type
strain TI619

Chemical mutagenesis of M. haemolytica strain TI619 was followed
by selection of capsule-deficient mutants by examining colonies for
enhanced uptake of Congo Red. These mutants were further examined
for enhanced biofilm formation. Among the screened mutants, E09
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Fig. 6. Effect of DNase I on biofilm formation by M. haemolytica wild-type
and mutant E09. Prior to inoculation of the culture medium with
M. haemolytica, DNase I with indicated concentrations was added, followed by
incubation for 24 h. Biofilms were stained with CV and the OD562 was deter-
mined. Values (fold changes) are based on comparison to the wildtype with no
enzyme added. Different letters indicated significance between the two groups
for the wildtype (uppercase; P = 0.001 for 30 pg/ml) and mutant E09 (lower
case; P = 0.004 for 30 pg/ml).

formed a biofilm after 5 days incubation with the greatest amount of
biomass, which was about 3.5-fold greater (P < 0.01) than that formed
by the wild-type (Fig. 1). Mutant E09 was selected for future work.

3.2. Genome and CPS loci sequencing

Long read sequencing indicated that the genomes of M. haemolytica
strain TI619 and mutant EQ9 differed by only 5 bp, and is much less than
the expected error rate of 1 % for long read sequencing. Because mutants
were screened for loss of CPS, detailed sequencing of the CPS locus was
carried out, which identified a point mutation in the CPS biosynthesis
gene wecB, which encodes non-hydrolyzing UDP-N-acetylglucosamine
2-epimerase. The mutation resulted in a premature stop codon (TAA)

A W Wild-type strain

-
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and truncation of the protein (Fig. S3). The truncated protein (340 aa)
had lost the conserved domain corresponding to the binding sites with
Na™ and Cl~ ions in E. coli WecB, which shares 58 % identity with
M. Haemolytica WecB (data not shown), inferring that the enzyme was
not functional.

3.3. Effect of EO9 mutation on growth, carbohydrate content, attachment,
and biofilm formation by M. haemolytica, and restoration by
complementation

Growth curves (Fig. S4A) and an Anthrone assay (Fig. S4B) indicated
that the mutation in strain E09 resulted in slower growth and signifi-
cantly (P < 0.05) reduced release of anionic carbohydrates during
overnight culture, both of which were largely corrected by comple-
mentation. The latter phenotypic analysis suggested a potential associ-
ation between biofilm formation and CPS production.

Mutant E09 attached significantly better (P < 0.001) to polyvinyl
wells than the wild-type, as determined by biomass determination after
18 h incubation. To restore CPS biosynthesis in mutant E09, wecB was
cloned into the E. coli-H. somni shuttle vector pNS3K, and introduced
into mutant EQ9 to complement the mutation in trans. The wecB-com-
plemented strain grew more slowly during log phase than the wild-type
or mutant E09 (Fig. 1A), possibly due to the additional metabolic
expense of the shuttle vector. Complementation of the mutation signif-
icantly (P < 0.001) reduced attachment of the mutant to levels similar to
that of the wild-type strain (Fig. 1A). Therefore, the M. haemolytica CPS
may have interfered with bacterial attachment to the surface, which is
the first step in biofilm formation, but the restoration of CPS production
may not affect the early and late stages of biofilm formation equally. At
the later stage of biofilm formation (5 days of incubation), all three
strains exhibited increased biofilm biomass compared to their one-day-
old biofilms. However, the biofilm biomass of the complemented strain
was not significantly different from that of mutant E09, though it was
more similar to the wild-type. Based on the results of Anthrone’s assay,
the carbohydrate content released from the bacterial surface was
significantly reduced (P < 0.05) in mutant E09, but was restored in the
complemented strain to levels similar to the that of the wild-type
(Fig. 1B).

,Mqtant EO9

Fig. 7. TEM of M. haemolytica wild-type (A) and mutant E09 (B). Arrow indicates the CPS layer.
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Fig. 8. CPS staining and quantification for M. haemolytica strains. The CPS (clear halo) of M. haemolytica wild-type (A), mutant EQ9 (B), and wecB-complemented
strain (C) was visualized by Maneval’s staining (100X magnification). Enhanced magnification of the wecB-complemented strain shows elongated cells are multiple,
individual cells (arrows). Inset is a further magnified view of three cells (arrowhead) (D). Released carbohydrate content from the cell surface after heat treatment
was determined by Anthrone’s assay (E). Bars represent the means and the standard deviations of samples tested in triplicate. Significance was determined by two-

tailed t-tests; *, P < 0.05.

3.4. Structural and compositional analysis of the M. haemolytica biofilm
matrix

To better understand differences in the biofilms of the wild-type and
mutant E09, microscopy and biochemical assays were carried out to
examine biofilm structure and composition. SEM images indicated that
less of, and a more flake-like extracellular matrix (ECM), surrounded the
cells of the wild-type strain than mutant E09 (Fig. 2A and B, respec-
tively). Furthermore, the E09 mutant strain (Fig. 2B) formed thicker,
larger, and more cell clusters than the wild-type strain (Fig. 2A).

However, in comparison to H. somni [51], there was relatively little
EPS in the biofilm of the wild-type or mutant. Analysis by CLSM indi-
cated that the biofilm formed by mutant E09 was rougher and contained
more biomass than that of the wild-type (Fig. 3A-E, G). COMSTAT
analysis of CLSM z-stack images provided quantitative information
regarding the biofilm structure (Fig. 3E-H). “Biomass” indicates the
three-dimensional spatial occupation of the ECM in or released from the
bacteria, and “thickness” is the measurement of the two-dimensional
depth occupied by the ECM. “Roughness coefficient” is determined
from the variation in thickness of the biofilm, thus indicating how ho-
mogenous the biofilm is. “The surface-to-biovolume ratio” reflects the
fraction of the biofilm exposed to the environment, which is defined by
the background signal. In comparison to the biofilm of the wild-type
strain, the biofilm of mutant E09 contained significantly (P < 0.05)

more biomass (14.7 pm®/pm?:11.1 pm®/pm?), had a significantly (P <
0.05) lower roughness coefficient (0.03:0.08), and had a significantly (P
< 0.05) greater surface-to-biovolume ratio (0.8 pm?/pm®:2.0 pm?/pm®).
Thus, mutant EQ9 formed a denser, smoother, more homogeneous, and
more compact biofilm than the wild-type strain.

The biofilm matrix of the two strains contained similar numbers of
viable cells and were predominantly composed of proteins (Fig. 4A and
B, respectively). Of interest was that the biofilm matrix of mutant strain
E09 had more than twice the carbohydrate content of the wild-type
(Fig. 4C), but its exopolysaccharide composition profile was not sub-
stantially different from that of the wild-type (Fig. 5), indicating that
small remnants of CPS were present in the biofilm of mutant EQ9, but a
biofilm-specific polysaccharide was not present. Furthermore, the eDNA
content in the biofilm matrix of mutant E09 was about 18 times greater
than that of the wildtype, although the eDNA concentration in both the
wildtype and mutant EQ9 was relatively low compared to the levels of
proteins and carbohydrates (Fig. 4D).

To determine the contribution of eDNA to the stability of the
M. haemolytica biofilms, the wild-type and mutant E09 were treated with
DNase I during biofilm formation. DNA digestion with 3 pg/ml or 30 pg/
ml of DNase I significantly reduced the amount of biofilm formed for
both the wild-type and mutant strains (P = 0.0002 and 0.001, and P =
0.004 and 0.0004, respectively) (Fig. 6).
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Fig. 9. Electrophoretic LPS and protein profiles of total and outer membranes
of M. haemolytica TI619 and EQ9 mutant. Left panel: LPS from M. haemolytica
wild-type (Strain TI619) and mutant (E09) were extracted by a micro phenol-
water extraction procedure, electrophoresed in 15 % polyacrylamide gels,
and silver stained. Right panel: The wild-type and mutant E09 were grown to
exactly the same density, harvested by centrifugation, lysed by sonication, and
following low speed centrifugation to remove unbroken cells, total membranes
(TM) were pelleted by ultracentrifugation. Total membranes were extracted
with sodium laurel sarcosinate, and insoluble protein-enriched outer mem-
branes (OM) were recovered by ultracentrifugation. Molecular size markers are
on far right.

3.5. Confirmation of CPS loss in M. haemolytica mutant E09

Based on the Anthrone assay that demonstrated a significant reduc-
tion of polysaccharide released from mutant E09 (Fig. S4B), TEM and
Maneval’s staining were performed to determine if the CPS on the sur-
face of mutant E09 was impaired. TEM images (Fig. 7) revealed that the
wild-type strain was covered with a thick CPS (arrow), which was
lacking in mutant E09.

Furthermore, Maneval’s staining demonstrated there was less CPS
around mutant E09 (reduced halo surrounding the cell body) compared
to wild-type cells (Fig. 8B and A, respectively). Maneval’s staining also
demonstrated restoration of CPS production (clear halo evident due to
CPS inhibition of stain) in the wecB-complemented strain (Fig. 8C). The
CPS thickness (determined by measuring the width of halo zones sur-
rounding the cells) was significantly greater (0.57 + 0.15 pm to 0.38 +
0.12 pm; P < 0.001) in the wildtype strain compared to mutant E09 and
was restored to 0.57 & 0.16 pm in the wecB complemented mutant. The
length of the bacterial cells was also significantly increased (P < 0.01) in
the wecB-complemented strain compared to mutant EQ9 (3.67 + 0.36
pm to 1.78 + 0.83 um, respectively); the cell length of the wild-type
strain was 1.53 £ 0.34 pm. The larger appearing cells of mutant E09
are actually multiple cells that have not yet divided (Fig. 8D). The lack of
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staining around mutant EQ9 correlated with reduced release of carbo-
hydrate (Fig. 8E), indicating that CPS biosynthesis in mutant E09 was
impaired, or that the CPS could not be attached to the surface of mutant
E09.

There were no substantial alterations in the electrophoretic profiles
of total membrane proteins, outer membrane proteins, or LPS detected
between the wildtype strain (W) and mutant E09 (M) (Fig. 9).

3.6. M. haemolytica forms a poly-microbial biofilm with other
pasteurellaceae

Two species of Pasteurellaceae, H. somni and P. multocida, have been
shown to form a biofilm individually and together [48]. We now show
that poly-microbial biofilms can also be formed between M. haemolytica,
H. somni, and P. multocida. Fluorescence microscopy showed that all
three Pasteurellaceae species formed a single species biofilm
(Fig. 10A-C). Of note, M. haemolytica cells (green, Fig. 10B) were more
evenly distributed in the biofilm than H. somni (red, Fig. 10A) or
P. multocida (blue, Fig. 10C). M. haemolytica also formed a
poly-microbial biofilm with H. somni and P. multocida (Fig. 10D). The
three bacterial species formed larger micro-colonies in poly-microbial
biofilms than they did in single-species biofilms. The shapes of the
poly-microbial biofilms by these species varied from a large, compressed
colony to a more scattered colony with branched ribbons. The propor-
tion of each single species in the poly-microbial biofilm also varied, with
predominance by H. somni.

To further understand how the CPS of M. haemolytica affected its
interaction with other species within a biofilm, the spatial arrangement
of M. haemolytica wild-type and capsule-deficient mutant EQ9 were
individually grown with H. somni strain 2336AIbpA9 to form dual-
species biofilms on bovine turbinate cells (Fig. 11) or on coverslips
(Fig. 12), and examined using CLSM with COMSTAT analysis.

Successful establishment of in vitro dual-species biofilms for these
two bacterial species was examined based on their initial density at the
time of inoculation, and sequential inoculation. A successful dual species
biofilm could be established if H. somni strain 2336 AIbpA9 was inocu-
lated with an initial density 4 logs higher than that of M. haemolytica
wild-type and mutant E09 (Fig. 12A and C, respectively) or H. somni was
inoculated first to establish an individual biofilm followed by
M. haemolytica wild-type or mutant EO9 (Fig. 12B and D, respectively).

COMSTAT analysis indicated variations in the spatial arrangement of
M. haemolytica strains in dual-species biofilms with H. somni
2336AIbpA9 compared to single species biofilms of M. haemolytica
(Table 2). The M. haemolytica wild-type was markedly enhanced in
biofilm biomass and thickness when grown in a dual-species biofilm
with H. somni 2336AIbpA9 (blue, solid-line right bracket with the
symbol *). In contrast, the biofilm of mutant EO9 (orange, solid-line right
bracket with the symbol *), was increased in roughness coefficient
(slightly) and surface-to-biovolume ratio (significantly, P < 0.05) in a
dual-species biofilm, indicating that mutant E09 formed a less uniform
and more porous biofilm in the presence of H. somni 2336AIbpA9. It is
noteworthy that substantial architectural alterations of the biofilm were
observed for a dual species biofilm when sequential inoculation, rather
than a co-inoculation, was used. The biofilm architecture for each in-
dividual species in the dual-species biofilms formed by the two different
inoculation methods was further examined. When the biofilm of
H. somni 2336AIbpA9 was formed before the inoculation of wild-type
M. haemolytica, the biofilm of M. haemolytica was significantly
decreased in the surface-to-biovolume ratio compared to the single
species biofilm. In contrast, there was no significant change in the bio-
film architecture of H. somni strain 2336AIbpA9 in the dual-species
biofilms with wild-type M. haemolytica, regardless of the inoculation
method. Regarding the dual-species biofilms of M. haemolytica mutant
E09 and H. somni strain 2336AIbpA9, the thickness of the H. somni
biofilm decreased, but the roughness coefficient value increased when
the biofilm of H. somni strain 2336 AIbpA9 was established before that of
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Fig. 10. FISH of single-species biofilms and poly-microbial biofilms by Pasteurellaceae species. H. somni (A), M. haemolytica (B), and non-encapsulated
P. multocida (C) were incubated statically on coverslips for 5 days to form single-species biofilms. Polymicrobial biofilms were formed by inoculating 10® CFU/
ml of H. somni followed with 10* CFU/ml each of P. multocida and M. haemolytica (D). Red, green, and blue channels represent H. somni (left), M. haemolytica (second
left), and P. multocida (third left), respectively. The right lane is the merged images from all three channels. Scale bars: 50 pm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

M. haemolytica mutant E09. However, the inoculation methods did not
result in much difference in the biofilm architecture of capsule-deficient
mutant E09 in the dual-species biofilms.

4. Discussion
M. haemolytica is considered the most prevalent bacterial agent

responsible for BRD [3,9,55,56]. Several virulence factors, including
leukotoxin, LPS, CPS, and OMPs, have been well-studied and their roles

in M. haemolytica infection of the respiratory tract reported [57,58]. In
addition, the capability of M. haemolytica to form a biofilm likely con-
tributes to the development of chronic BRD, as biofilm-forming bacteria
are more resistant to host innate immunity and to antibiotics [23-25].
To improve therapies for and prevention of BRD, a greater under-
standing is required of the association between M. haemolytica surface
components and biofilm formation.

In this study, an M. haemolytica mutant (E09) was generated through
EMS-induced mutagenesis, resulting in a mutant that formed more
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Fig. 11. FISH of polymicrobial biofilms by H. somni strain 2336AIbpA9 and M. haemolytica on bovine cells. Five-day-old polymicrobial biofilms were formed by
either co-inoculating H. somni 2336 AIbpA9 and M. haemolytica on day one (A) or sequentially inoculating H. somni 2336AIbpA9 on day one and M. haemolytica on
day 3 (B) on bovine turbinate cells. H. somni was stained using an H. somni oligonucleotide 16 S rRNA probe labeled with Texas Red. M. haemolytica was stained using
an M. haemolytica oligonucleotide 16 S rRNA probe labeled with 6-FAM. Scale bars: 50 pm. COMSTAT analysis of biofilm coverage by each species after co-
inoculation or sequential inoculation is shown on right. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

biofilm than the wild-type. CLSM and COMSTAT analysis [49] was used
to obtain detailed analytical and quantitative comparisons of the biofilm
structure between the wild-type and E09 mutant. Mutant EQ9 formed a
biofilm that was denser, smoother, and more compact than that of the
wild-type. The morphology of biofilms formed by mutant E09 appeared
similar to the biofilm formed by non-mucoid Pseudomonas aeruginosa
strains and a capsule-deficient P. multocida mutant. These bacteria have
biofilms that are smoother, flatter, and more homogeneous due to the
lack of alginate exopolysaccharide (mucoid components) [19] or less
capsule production [31], respectively. Thus, there is a strong correlation
between the bacterial surface and the development of biofilm archi-
tecture. Furthermore, bacterial biofilm formation is greatly affected by
environmental conditions. In vitro, the M. haemolytica wild-type strain
formed a less prominent biofilm that did not adhere well to plastic,
whereas the mutant adhered better and was more distributed. However,
the ability of M. haemolytica to form a biofilm in vivo, and the biofilm’s
architecture during chronic infection is essential in order to understand
the significance of biofilm structural variation to the disease process [59,
60]. We confirmed that, at least in the presence of H. somni,
M. haemolytica is capable of forming a biofilm on bovine turbinate cells.

The constituents of biofilms formed by the wild-type and mutant EO9
were predominantly proteins, with less carbohydrate and eDNA.
Although the levels of proteins and eDNA were substantially increased in
the mutant compared to the wild-type strain, the finding that DNase
treatment reduced biofilm formation in both strains indicated that eDNA
is a critical component of the M. haemolytica biofilm. These results are
consistent with a previous report characterizing the biofilm of another
M. haemolytica serotype Al strain [26], suggesting that M. haemolytica
strains belonging to the same serotype may share similar
biofilm-forming components and biofilm structure.

Due to the nature of chemical mutagenesis, we cannot rule out the
presence of other mutations in the EQ9 genome. However, the genomes
differed by only 5 bp, though this difference may also be due to errors in
long read sequencing. Mutant E09 was confirmed to be CPS-deficient,
which was associated with enhanced biofilm formation. Loss of CPS in
P. multocida is also associated with conversion of a poor biofilm forming
strain to a highly proficient biofilm former [31]. Enhanced biofilm
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formation is also associated with greater initial adherence by the
non-capsulated strain [61,62]. In results not shown, we have also noted
that encapsulated H. influenzae type b makes little if any biofilm, unlike
non-encapsulated strains. Therefore, CPS likely interferes with adher-
ence due to each cell being coated with a negatively-charged surface
structure [31,63]. Detailed sequencing of the CPS locus revealed that
mutant EO9 possessed a point mutation (C to T) in the CPS biosynthesis
gene wecB. As a result, this point mutation introduced a premature stop
codon (TAA) in the wecB sequence, resulting in WecB being truncated
prematurely. WecB is a non-hydrolyzing UDP-GlcNAc 2-epimerase,
which acts as the activated donor of N-acetylmannosamine (ManNAc)
residues, and is necessary for the biosynthesis of cell-surface poly-
saccharides in both gram-positive and gram-negative bacteria [64-68].

Analyses of the wecB-complemented strain demonstrated that the
introduction of a complete wecB in trans successfully restored CPS pro-
duction and reduced bacterial adherence to the levels observed in the
wild-type. Therefore, only the mutation in WecB was responsible for
reduced CPS production, resulting in enhanced adherence and biofilm
formation in mutant EQ9 in vitro and on bovine turbinate cells. Thus,
there is an inverse correlation between CPS production and the early
stage of biofilm formation by M. haemolytica. Furthermore, CPS-
deficient mutants of other species have been shown to form more
robust biofilms than their encapsulated counterparts and display
increased adherence to epithelial cells [31,62,69-71]. Given the multi-
faceted roles of CPS in resistance of M. haemolytica to host and envi-
ronmental factors, it is likely that chronic BRD infection by
M. haemolytica may rely on the fine-tuning of CPS expression to facilitate
the transition between biofilm formation and a planktonic state, which
is more susceptible to complement-mediated killing and phagocytosis in
the presence of specific antibody. Further investigations into environ-
mental factors governing the production and expression of CPS are
imperative to elucidate mechanisms underlying biofilm-associated
chronic BRD infection.

Our previous studies have shown that H. somni and P. multocida
produce distinct EPSs that are principal components of their biofilms,
which consist of a mannose-galactose polymer [51] or amylose-like
glycogen [31], respectively. In this study, GC/MS analysis indicated
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lytica on coverslips. Five-day-old polymicrobial biofilms were formed by either co-

inoculating H. somni 2336AIbpA9 and M. haemolytica together (A, C) or sequentially inoculating H. somni 2336AIbpA9 on day one and M. haemolytica on the
third day (B, D). M. haemolytica wild-type was used in panels A and B, and M. haemolytica mutant EQ9 was used in panels C and D. Red and green signals represent
H. somni 2336AIbpA9 and M. haemolytica, respectively. XY and XZ views of the biofilm structure, shown on the top and bottom of each panel, were the view from the
top and side of the biofilm. Scale bars: 10 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

that there was not a distinct EPS in the biofilm matrix of M. haemolytica,
either in the wild-type or E09 mutant. The lack of a distinct EPS in the
biofilm matrix has also been reported for non-typable Haemophilus
influenzae [72], in which sialic acid on the lipooligosaccharide is thought
to be an important biofilm component [73,74]. The LPS O-antigen of
M. haemolytica is rich in galactose residues [75], which can also be
sialylated by bacterial sialyltransferases in the presence of N-ace-
tylneuraminic acid [76,77]. Further investigation is required to deter-
mine if sialic acid is a significant component of the M. haemolytica
biofilm matrix. However, the electrophoretic profiles of OMPs and LPS
of mutant E09 did not exhibit substantial differences to those of the
wild-type, which agrees with data obtained for an M. haemolytica
acapsular strain with partial deletion of wecB (nmaA) and wecC (nmaB)
genes [78]. Thus, the modification of M. haemolytica biofilm formation
did not appear to involve changes in the composition of LPS or proteins
on the bacterial surface.

While the exact mechanism underlying the transition of
M. haemolytica Al from colonization of the upper respiratory tract to
infection in the lung remains elusive, it is likely that regulation of genes
responsible for CPS biosynthesis is critical for both bacterial biofilm
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formation and resistance to serum killing. The search for genetic regu-
lator(s) of wecB and other genes responsible for CPS biosynthesis in
M. haemolytica Al will likely yield a new understanding of the patho-
genic process leading to chronic BRD infection. Notably, wecB has been
identified in the genomes of serotypes Al and A6 of M. haemolytica, but
is absent in A2 [8], indicating that CPS structure may be important to
disease outcome in cattle.

Pasteurellaceae species are frequently co-isolated from cattle diag-
nosed with BRD [79], and these bacterial species may coexist in a bio-
film and cooperate to enhance the survival of M. haemolytica in the
upper respiratory tract [26]. Dual-species biofilms between H. somni and
P. multocida or M. haemolytica and P. multocida under in vitro culture
conditions have been reported. While the presence of H. somni enhances
biofilm formation by P. multocida through increasing auto-aggregation
[48], the presence of P. multocida inhibits biofilm formation by
M. haemolytica through a mechanism different from modifying the
adherence of bacteria [27]. In this study, our results demonstrated that
M. haemolytica was able to form a poly-microbial biofilm with H. somni
and P. multocida, and that prior formation of the H. somni biofilm sup-
ported M. haemolytica biofilm formation. Moreover, the M. haemolytica
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Table 2
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COMSTAT analysis of CLSM images of polymicrobial and single species biofilms by M. haemolytica (Mh) and

H. somni (Hs).

. . Surface to
Biomass Average thickness Roughness Biovolume ratio
(um”3/pm”2) (pm) Coefficient (0-2) z/ 3
Strains (um /pm )
Single species
Mh wild-type 11.1£1.48  wex 15.48+0.97 0.08+0.05 s 1.96+£0.51 s
[ [ )
Co-inoculation
Group Biomass Average thickness  Roughness Biosvl(l)ll.lf::lclz :‘; tio
A A 1 *
(nm”3/pm”2) (um) Coefficient (Ra*) (um2/um3)
Polymicrobial
Mh wild-type 10.56+2.28 16.82+1.01 0.06+0.03 2.53+0.49
Hs 2336AIbpA9 11.274+0.83 17+£0.32 0.07+0.01 2.3240.17
Polymicrobial 7 =1
1 2 Z 2 . |
Hs 2336AIbpA9 13.06+0.97 16.93+0.42 0.06+0.01 1.99+0.16 |
|
|
Sequential T o |
inoculation I I :
I I
Group Biomass Average thicknessy Roughness | Biosxfl(l)ll.li;z:lcli :(; tio |
A A 9 * |
(nm”3/pm”2) (pm) !rCOefficlent (Ra ): (um2/pm3) |,
Polymicrobial | | |
Mh wild-type 14.4+1.47 * 17.68+0.35 * || 0.04+0.02 | 1.64£0.26° |!
Hs 2336AIbpA9 11.87+0.64 16.93+0.23 I 0.07£0.01 I 2.20£0.12 :
Polymicrobial : : |
- — -
I I
Hs 2336AIbpA9 11.44+0.44 15.47+0.06° | 0.09+0.01 | 2.28+0.09
I I
I I
I I

cmd smd

Values are means + standard deviations. A gray-dotted right bracket with the symbol $ represents a sig-
nificant difference (P < 0.05) between a single-species biofilm of M. haemolytica (Mh) wild-type and mutant
E09. A solid-line right bracket with the symbol * represents a significant difference (*P < 0.05, **P < 0.01)
between the biofilm of a Mh strain in a single-species biofilm and that in a polymicrobial biofilm. A dashed
right bracket with the symbol ° represents a significant difference (° P < 0.05, ° ° P < 0.01) between the
biofilms of a strain within polymicrobial biofilms formed through co-inoculation and those formed through
sequential inoculation. The comparison between the biofilms of the Mh wild-type is depicted in blue, the

mutant is in orange, and Hs 2336AIbpA9 is in green.

wild-type strain exhibited significantly increased biofilm biomass and
thickness when grown in dual-species biofilms with H. somni compared
to its single-species biofilms. This effect was not observed in the
CPS-deficient E09 mutant. These results suggest that the impact of CPS
biosynthesis on the biofilm-forming ability of M. haemolytica outweighs
the impact of its co-existence with H. somni. Overall, these results
indicate that interactions among BRD pathogens occur in multiple ways,
and that these varied interactions may trigger or support survival or
infection events based on signals in the surrounding environment.
Further investigation on the interactions between different species is
warranted.

5. Conclusions

The present study elucidates the role of surface components,
particularly CPS, in biofilm formation by M. haemolytica and the im-
plications for biofilm formation in chronic BRD. Our findings highlight
an inverse correlation between CPS production and biofilm formation in
M. haemolytica. Capsule biosynthesis through WecB appears to be a
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serotype-specific virulence trait that influences the transition between
biofilm formation and a planktonic state through CPS expression or
structure. Furthermore, poly-microbial biofilms among the Pasteur-
ellaceae species responsible for BRD are described. The biofilm structure
and interactions among BRD pathogens in poly-microbial biofilms were
also affected by M. haemolytica CPS biosynthesis. The results of this work
provide a foundation for future studies aimed at improving therapies
and prevention strategies against chronic BRD infection by
M. haemolytica and other Pasteurellaceae pathogens.
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