
RESEARCH ARTICLE

Characterization of strain-specific Bacillus

cereus swimming motility and flagella by

means of specific antibodies

Valerie Schwenk1, Richard Dietrich1, Andreas Klingl2, Erwin Märtlbauer1,
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Abstract

One of the multiple factors determining the onset of the diarrhoeal disease caused by

enteropathogenic Bacillus cereus is the ability of the bacteria to actively move towards the

site of infection. This ability depends on flagella, but it also varies widely between different

strains. To gain more insights into these strain-specific variations, polyclonal rabbit antisera

as well as monoclonal antibodies (mAbs) were generated in this study, which detected

recombinant and natural B. cereus flagellin proteins in Western blots as well as in enzyme

immunoassays (EIAs). Based on mAb 1A11 and HRP-labelled rabbit serum, a highly spe-

cific sandwich EIA was developed. Overall, it could be shown that strain-specific swimming

motility correlates with the presence of flagella/flagellin titres obtained in EIAs. Interestingly,

mAb 1A11, recognizing an epitope in the N-terminal region of the flagellin protein, proved to

inhibit bacterial swimming motility, while the rabbit serum rather decreased growth of

selected B. cereus strains. Altogether, powerful tools enabling the in-depth characterization

of the strain-specific variations in B. cereus swimming motility were developed.

Introduction

Bacterial flagella have been in the focus of scientific research for decades. Enormous progress

has been made in understanding flagellar assembly, the axial structure, as well as the mecha-

nism of motor rotation [1–4]. The flagellum is a filamentous organelle consisting of more than

25 different proteins and can be divided into three structural parts: the basal body containing

the ion motive force-powered motor, the long helical filament, which acts as propeller, and the

hook connecting the basal body and the filament [5, 6]. The flagellar filament consists of

approximately 20,000 copies of the protein monomer flagellin [1, 4]. In Escherichia coli, one of

the best-understood model organisms regarding flagella, the flagellin protein is designated

FliC. Other bacterial species possess multiple flagellins, of which, however, many are not nec-

essarily required for filament formation [3, 7]. For instance, in Bacillus subtilis, two homologs
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of the flagellin gene are found, namely yvzB and hag, but only the latter is required for flagellar

assembly and motility [2]. Due to a different structure of the Hag protein, the diameter of the

B. subtilis filament is much smaller than that of for instance the Salmonella filament [6]. Bacil-
lus thuringiensis possesses fliC and hag homologues, and two or even three copies of hag were

found in some strains [8–10]. Bacillus cereus type strain ATCC 14579 has four flagellin genes,

of which three are highly similar and the corresponding transcripts and proteins have been

detected [11, 12] (compare also points A and B in S2 Fig). Tagawa showed that the flagellum

consists of equal amounts of these three 34, 32 and 31 kDa flagellin proteins, but also empha-

sized that ATCC 14579 is atypical among B. cereus strains bearing multiple genes that encode

flagellin subunits. The genomes of other investigated B. cereus strains contain two flagellin

gene homologues, one coding for a flagellin subunit, and the other similar to the non-

expressed fourth gene BC1656 of strain ATCC 14579 [9].

The best understood function of the bacterial flagellum is swimming motility in liquid envi-

ronments. Bacterial chemoreceptors sense chemical gradients of attractants and repellents,

and intracellular signalling pathways trigger changes in flagellar rotation direction. Thus, the

cell is able to switch between straight swimming and tumbling, enabling movement towards

more advantageous environments [1–3]. Besides that, bacteria can move collectively over solid

surfaces via flagella-driven swarming motility. For this, the flagellum is also believed to act as a

sensor, as contact with a more solid surface slows the flagellum down [13]. Swarm cells often

change to a hyper-flagellated and elongated morphology [2, 5]. Chemotaxis and motility are

also required for biofilm formation [14, 15]. Biofilms consist of cell aggregates attached to

solid surfaces, which are surrounded by an extracellular polymeric matrix [1]. Approximately

65% of all bacterial infections are associated with biofilms [1, 16]. Chemotaxis, swimming and

swarming motility and thus flagella are described as crucial virulence factors for pathogenic

bacteria by enhancing antibiotic resistance [13, 17], facilitating movement towards infection

sites and adherence to target host cells, providing colonization or invasion and infection of the

epithelial surface, promoting bacteria-host interactions, and triggering inflammation [1, 18–

21]. Flagella are further associated with virulence-related protein secretion [18].

Flagella also play an important role in the course of food-associated infections with entero-

pathogenic B. cereus resulting in abdominal cramps and diarrhoea, which we recently summa-

rized [22, 23]. While some members of the B. cereus group (B. cereus sensu lato) are described

as non-motile, the majority of strains of B. cereus sensu stricto, B. thuringiensis and B. cytotoxi-
cus is motile [24, 25]. This was also seen when 20 enteropathogenic and apathogenic B. cereus
strains were compared on CGY soft-agar at 30 and 37˚C. Results suggested that motility of B.

cereus is temperature-dependent to some extent, but also highly strain-specific [26]. In earlier

studies, clinical strains including those isolated following food poisoning were generally more

motile than non-pathogenic strains [27, 28]. Swimming and swarming motility were also cor-

related with secretion of important virulence factors such as haemolysin BL, phospholipase C,

sphingomyelinase or cytotoxin K, strongly connecting motility and pathogenicity [12, 28–34].

A connection between motility, biofilm formation and virulence in the B. cereus group has

also been made via the ubiquitous transcriptional repressor MogR. Interestingly, genes

involved in chemotaxis and motility as well as flagellar gene regulation in B. cereus seems to be

more closely related to Listeria monocytogenes than to B. subtilis [24]. Just recently, it has been

shown that B. cereus flagellin and the host-cell-surface-localized glycosphingolipid Gb3 inter-

act, promoting adhesion and thus, virulence and lethality [35].

The goal of this study was to better understand the highly strain-specific variations in swim-

ming motility among enteropathogenic B. cereus. For that, antibody-based tools for specific

detection of B. cereus flagellin were developed, which can also be used for precise inhibition of

bacterial growth or motility.
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Materials and methods

Ethics statement

Immunizations of rabbits and mice for generating antisera and monoclonal antibodies were

conducted in compliance with the German Law for Protection of Animals. Study permissions

were obtained by the Government of Upper Bavaria (permit numbers ROB-55.2-2532.Vet_03-

17-110 and 55.2-1-54-2532.0-47-2015, respectively).

Bacterial strains and culture conditions

In this study, a set of 20 previously well-characterized, enteropathogenic and apathogenic B.

cereus strains was investigated [26, 36, 37]. Additionally, a nheABC deletion mutant of strain

F837/76 (DSM 4222) was used [38] as well as B. cereus type strain ATCC 14579. B. thuringiensis
MHI 3186, 3240 and MHI 3241 [39], B. weihenstephanensis MHI 3351, B. pseudomycoides MHI

3346 (DSM 12442), B. subtilis MHI 255 (ATCC 2109), MHI 256 (ATCC 6633), MHI 3192 (DSM

3256) and MHI 3193 (DSM 10), B. licheniformis MHI 3248, B. amyloliquefaciens MHI 3352

(DSM 7), B. pumilus MHI 3354 (DSM 27), L. monocytogenes MHI 1126 (SLCC 5581), E. coli
BL21 (DE3), and an in-house Salmonella strain were applied as controls in Western blots and

enzyme immunoassays. Bacillus strains were grown in CGY medium (casein-glucose-yeast; 2%

casein hydrolysate, Oxoid, 0.6% yeast extract, Oxoid, 0.2% ammonium sulphate, 1.4% K2HPO4,

Sigma-Aldrich, 0.6% KH2PO4, Sigma-Aldrich, 0.1% sodium citrate dihydrate, Merck, 0.2%

MgSO4 x 7H2O, Sigma-Aldrich; Merck and Thermo Scientific, Germany) with 1% glucose for 6

h at 37˚C (B. weihenstephanensis 32˚C) and 200 rpm, Salmonella and E. coli in LB (1% tryptone,

1% NaCl, 0.5% yeast extract, Sigma-Aldrich; Merck, Germany) at 37˚C, and L. monocytogenes
in BHI (brain heart infusion, Oxoid; Thermo Scientific, Germany) at 30˚C. To better compare

all Bacillus samples, they were set to OD600 = 9, before 1 ml of each bacterial sample was heated

for 15 min at 95˚C and centrifuged (12 min, 8.000 g, 4˚C). The supernatant was kept at -20˚C

until further usage. For RNA preparation, B. cereus strains were grown in CGY medium for 3 h,

before 5 ml samples were centrifuged (10 min, 3500 g, 4˚C) and the cell pellets were stored at

-80˚C. For immunofluorescence, CGY medium was inoculated with B. cereus overnight cul-

tures to OD600 = 0.2. At OD600 = 1, cells were harvested by centrifugation (1 ml, 3 min, 8.000 g,

room temperature). Recombinant flagellin proteins were overexpressed in E. coli BL21 (DE3),

which was grown in LB medium containing 100 μg/ml ampicillin.

Cloning, overexpression and purification of recombinant flagellin proteins

The flaA gene of B. cereus F837/76 (bcf_08380 = BCF_RS08250) without a putative N-terminal

signal peptide for secretion was cloned into the vector pASK-IBA5+ (IBA Lifesciences, Göt-

tingen, Germany) using the primers flaA-fw-KpnI (ATA TGG TAC CGC GCA TCA ATA
GTG CTG) and flaA-rev-NcoI (ATA TCC ATG GTT ATT GTA ATA ATT TAC TTA CC).

For determination of the binding site of mAb 1A11, five overlapping flaA fragments were

cloned analogously, flaA1 (ATA TGG TAC CGC GCA TCA ATA GTG CTG and ATA TCC
ATG GTT AAC CAT CTA AAG CGT C), flaA2 (ATA TGG TAC CGG AAT ACC AAC
AGC TAA TTA C and ATA TCC ATG GTT ATG CAT CTA TCA TTG TAT C), flaA3
(ATA TGG TAC CGA TTG CAG GAA ACC GAG and ATA TCC ATG GTT ATT GTA
ATA ATT TAC TTA CC), flaA4 (ATA TGG TAC CGC AAG AAA GCG GGT TAA ATG
TC and ATA TCC ATG GTT AAA TTG TAC TAG CTT TTG ATT TAT C) and flaA5
(ATA TGG TAC CGG ACA TCG AAA CTA AAG CAG and ATA TCC ATG GTT ACA
TTT GTG GAG TTT GGT TTG). Protein overexpression and purification via the N-terminal

strep-tag was conducted as described before [38].
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Generation of rabbit antisera and mouse monoclonal antibodies (mAbs)

Generation of rabbit antisera was conducted by an external provider. Animal husbandry and

all experiments for antibody generation were in accordance with the German Law for Protec-

tion of Animals. All procedures and protocols were approved by the ethics committee of the

Government of Upper Bavaria. Female ZIKA hybrid rabbits, 12 weeks old, were immunized

with purified, recombinant flagellin preparations using standard procedures [40]. Primary

injections (s.c.) were with 100 μg protein emulsified in Freund’s complete adjuvant. Rabbits

were boostered at four weeks intervals (50 μg protein in Freund’s incomplete adjuvant, s.c.)

and blood samples were taken 10 d after the booster injections by puncture of the lateral ear

vein. After the final booster, animals were bled by cardiocentesis under pentobarbital

anaesthesia.

A group of five female hybrid mice [BALB/c x (NZW x NZB)] was immunized several

times with purified recombinant flagellin protein (20 μg/animal) emulsified in Sigma adjuvant

(wk 0 and 5) or incomplete Freund’s adjuvant (subsequent immunizations). The mice exhibit-

ing the best immune response (i.e. high antibody titres, high affinity) were chosen for the pro-

duction of mAbs. Three days after injection of 30 μg rFla, dissolved in PBS, spleen cells were

fused with myeloma cells (P3-X63-Ag8.653). Ten days after fusion, clones were assayed for

antibody production by indirect EIA using rFla (0.25 μg/ml) as coating antigen. Further estab-

lishment of reactive hybridomas, mass production and antibody purification were performed

as previously described [41, 42]. Mice were housed on a 14-h light, 10-h dark cycle with free

access to water and standard chow diet. All studies were carried out in strict accordance with

directive 2010/63/EU on the protection of animals used for scientific purposes. Mice used as

spleen donors were sacrificed by cervical dislocation.

Labelling with HRP (horseradish peroxidase)

For use as detection antibodies in the sandwich EIAs, the rabbit serum was coupled to acti-

vated peroxidase (HRP) according to the instructions of the manufacturer (Roche; Merck,

Darmstadt, Germany). The resulting conjugate was stabilized with 1% BSA and StabilZyme1

HRP Conjugate Stabilizer (SurModics, Eden Prairie, USA) and conserved with 0.01%

Thimerosal.

SDS PAGE and Western blotting

SDS-PAGE was performed on NovexTM WedgeWellTM 8–16% Tris-Glycine gels (Invitrogen;

Thermo Fisher Scientific, Waltham, USA) for 90 min at 125 V. After electrophoresis, proteins

were blotted to a PVDF-P membrane (Millipore; Merck, Darmstadt, Germany), which was

blocked in 3% casein-PBS and incubated for 1 h at room temperature with 2 μg/ml mAb 1A11

or with the rabbit antiserum (1:1000). The membrane was washed three times in PBS with

0.1% Tween 20 and incubated overnight with rabbit anti-mouse- or goat anti-rabbit-HRP

(horseradish peroxidase) conjugate (Dako; Merck, Darmstadt, Germany) diluted 1:2000 in 1%

casein-PBS. After three further washing steps in PBS with 0.1% Tween 20 and two in PBS,

Super Signal Western Femto (Pierce; Thermo Fisher Scientific, Waltham, MA, USA) was

applied and chemiluminescence signals were detected on a UVP ChemStudio imager (Analy-

tik Jena, Jena, Germany).

Enzyme Immunoassays (EIAs)

Indirect and sandwich enzyme immunoassays for the detection of flagellin were established. In

the indirect assay, recombinant FlaA protein as well as prepared culture supernatants (see
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above) were applied to the microtitre plate in bicarbonate buffer (1.59 g/l Na2CO3, 2.93 g/l

NaHCO3) as serial dilution (100μl/well, start amounts 1 μg/ml and 1:60, respectively). After

overnight incubation at room temperature, 30 min blocking with 150 μl/well 3% sodium-

caseinate-PBS and 3x washing (wash buffer: 146 mM NaCl, 0.025% Tween 20), mAb 1A11 or

the rabbit serum was applied in PBS (100μl/well, 2 μg/ml and 1:200 dilution, respectively). The

plates were incubated for 1 h at room temperature on an orbital platform shaker. After four

washing steps, rabbit anti-mouse- or goat anti-rabbit-HRP conjugate (Dako; Merck, Darm-

stadt, Germany) was added as secondary antibody 1:2000 in 1% sodium-caseinate-PBS. After

further incubation for 1 h on the orbital platform shaker, the microtitre plate was washed five

times and 100μl/well 5% TMB (tetramethylbenzidin)-solution in citrate buffer were applied.

The reaction was stopped after 20 min by addition of 1 M sulfuric acid (100μl/well) and absor-

bance at 450 nm was measured immediately in a Tecan infinite F50 photometer using Magel-

lan software (Tecan Group Ltd., Männedorf, Switzerland). Titres are defined as the reciprocal

of the highest dilutions resulting in an absorbance value of�1.0.

In the sandwich EIA, the microtitre plate was coated with mAb 1A11 (10 μg/ml in PBS).

Samples were applied in PBS with 0.5% Tween 20 as serial dilution (start amount 0.3 μg/ml

FlaA proteins or 1:2 dilution of bacterial culture supernatants). For detection, HRP-labelled

rabbit antiserum was used in 1:500 dilution in 1% sodium-caseinate-PBS. Incubation, block-

ing, washing and detection were carried out as described above for the indirect assay.

Immunofluorescence

B. cereus cell pellets were washed twice in 1 ml PBS with interjacent centrifugation steps (3

min, 8.000 g, room temperature) and subsequently resuspended in 500 μl PBS with 1% Tween

20. Rabbit antiserum was added in 1:50 dilution before the mixtures were incubated for 45

min at room temperature on an overhead shaker with moderate agitation (2 rpm). After sam-

ples were washed twice in 500 μl PBS, the cell pellets were resuspended in 500 μl PBS contain-

ing 2 μg/ml Alexa 488 goat anti rabbit IgG (life technologies, Carlsbad, USA). Samples were

incubated in the dark for 45 min at 4˚C on an overhead shaker with moderate agitation (2

rpm). After that, they were again washed twice and resuspended in 250 μl PBS. Five μl samples

were examined at 488 nm in a Biozero BZ8000 microscope (Keyence, Neu-Isenburg,

Germany).

Motility and growth tests

Motility of different B. cereus strains was assessed by investigating swimming behaviour in

CGY medium supplemented with 0.25% agar. If appropriate, 10 and 20 μg/ml mAb 1A11 as

well as equal volumes of the rabbit antiserum were added. One μl of a CGY overnight culture

each was injected at the centre of the 53 mm plate. After 24 h of incubation at 37˚C, swimming

diameters of three replicates were measured.

Growth experiments under addition of flagellin-specific antibodies were carried out in trip-

licates in 96-well microtitre plates (200 μl/well) in CGY medium for eight h. Plates were incu-

bated at 37˚C on an orbital platform shaker. Medium was inoculated to OD600 = 0.2 and

OD600 was measured every hour using a Tecan infinite F50 photometer (Tecan Group Ltd.,

Männedorf, Switzerland).

Electron microscopy

Sample preparation for scanning electron microscopy (SEM) was carried out as described pre-

viously [43] and included the following steps: application to glass slides, rapid freezing with liq-

uid nitrogen, a following chemical fixation with 2.5% glutaraldehyde, post-fixation with 1%

PLOS ONE Flagellin-specific antibodies

PLOS ONE | https://doi.org/10.1371/journal.pone.0265425 March 17, 2022 5 / 19

https://doi.org/10.1371/journal.pone.0265425


osmium tetroxide, dehydration with a graded acetone series and critical point drying. After

application of a 3 nm layer of platinum via sputter-coating, the samples were investigated with

a Auriga high-resolution SEM (Carl Zeiss Microscopy, Jena, Germany) operated at 2 kV.

RNA preparation, reverse transcription and assessment of flagellin gene

expression

Total RNA preparation and on-column DNase digestion were performed using RNeasy Mini

Kit and RNase-Free DNase Set (QIAGEN, Hilden, Germany) according to the instructions of

the manufacturer. RNA quality was confirmed via spectrophotometer and agarose gel electro-

phoresis. RNA purity was tested via PCR for a 241 bp 16S rRNA fragment using the primers

16S_fw (GGA GGA AGG TGG GGA TGA CG) and 16S_rev (ATG GTG TGA CGG GCG
GTG TG). Double-stranded cDNA was synthesized from 100 ng RNA templates using the Pro-

toScript first-strand cDNA synthesis kit (New England Biolabs, Frankfurt, Germany) with ran-

dom primer mix according to the recommendations of the manufacturer. The cDNA was

subsequently applied in a PCR amplifying a 159 bp fragment of the flagellin gene using the

primers fla-5’-fw (ATG AGA ATT AAT ACA AAC ATT AAC AG) and fla-5’-rev (ACG CAT
ACG AGT TGC GAT TGC). The fragment represents the highly conserved 5’ part of the gene

(compare also amino acid alignment in point C in S2 Fig).

Sequencing of flagellin promoters

Using the primers flaP-up (CTGAATTTGTCCTTTCTTATATG) and flaP-down (GGTTTTGG
CGCATGTACTC), a 371 bp DNA fragment upstream of the flagellin gene was amplified via

PCR. This included the flagellin promoter sequence (obtained from bcf_08380) as well as 60

additional bp up and downstream. Chromosomal DNA of the B. cereus strains F837/76, F837/

76_2 and IP5832 was used as template. The DNA fragments were sequenced via the Tube Seq

service of Eurofins Genomics (Ebersberg, Germany).

In silico analyses

Statistical data analyses were performed using the column statistics program of GraphPad

Prism Version 5.04 for Windows, GraphPad Software, San Diego California USA, www.

graphpad.com. For EIA and motility results, XY data were entered and XY analyses were per-

formed. For correlation tests, no Gaussian distribution was assumed and nonparametric

Spearman correlation with 95% confidence interval was computed. For the results of EIAs

with rFla fragments, non-linear regression was performed using the one site—specific binding

model of GraphPad Prism. The flagellin genes of the sequenced B. cereus strains [36, 44] were

determined using mauve version 20150226 [45] and strain F837/76 (GenBank: CP003187.1) as

reference. DNA and protein sequences were aligned using Clustal Omega [46]. Structural

models of B. cereus F837/76 flagellin were generated using SWISS-MODEL [47].

Results

Generation of polyclonal and monoclonal antibodies (mAbs) against

flagellin

The flagellin gene from B. cereus strain F837/76 (bfc_08380) was cloned into the expression

vector pASK-IBA5+. The corresponding 27.2 kDa protein was overexpressed in E. coli and

purified via its N-terminal strep-tag. First, two rabbits were immunized, resulting in the two

polyclonal antisera #5320 and #5321. Second, the protein was used for immunization and two

booster injections of mice. After cell fusion, a hybridoma cell line secreting the highly specific
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mAb 1A11 (IgG1, κ) could be identified. Subsequently, this mAb was mass-produced and

purified according to established procedures [41, 42]. Using this mAb, recombinant flagellin

protein (rFla) could be detected in concentrations of< 2 ng/ml under the conditions of an

indirect enzyme immunoassay (EIA).

Detection of the rFla and flagellin from bacterial cultures

The two polyclonal antisera and mAb 1A11 detected the rFla protein in Western blots up to a

concentration of approx. 0.06 μg/ml (Fig 1A). When bacterial samples were used, mAb 1A11

appeared to be highly specific towards B. cereus flagellin, with the exception of two (closely

related) B. thuringiensis strains (Fig 1B). The rabbit antisera, however, showed a broader reac-

tivity and bound also to some B. thuringiensis and B. subtilis flagellins (see Fig 1C, serum

# 5321 as an example). Nevertheless, the sera could be used for immunofluorescence-based

detection of B. cereus, which is shown for strain WSBC 10035 as an example (Fig 1D). Notably,

there was a high variability in the molecular weights of the detected flagellins, which, to a large

extent, correlate to the molecular weights calculated from available flagellin protein sequences

Fig 1. Detection of flagellin by the generated rabbit antisera and the monoclonal mouse antibody 1A11. (A)

Recombinant flagellin in Western blots. Rabbit antisera were applied 1:1000, mAb 1A11 as 2 μg/ml. (B) mAb

1A11-based detection of flagellin in the supernatant of selected bacterial cultures. 20 μl of culture supernatants of 23 B.

cereus strains as well as different controls were applied. Bt: B. thuringiensis, Bw: B. weihenstephanensis, Bps: B.

pseudomycoides, Bs: B. subtilis, Bl: B. licheniformis, Ba: B. amyloliquefaciens, Bpu: B pumilus, Lm: L. monocytogenes. �
three flagellin proteins exist with molecular weights of 31, 32 and 34 kDa [9]. (C) Rabbit serum # 5321-based detection

of flagellin in the supernatant of selected bacterial cultures. Application as in B. (D) Application of the rabbit sera in

immunofluorescence. Strain WSBC 10035 is shown as an example.

https://doi.org/10.1371/journal.pone.0265425.g001
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(compare point C in S2 Fig). It is particularly interesting that the N- and C-terminal parts

seem to be highly conserved, while strain-specific variations appear especially in the middle

section of the proteins.

Establishment of enzyme immunoassays for flagellin detection

Initially, indirect EIAs for the detection of flagellin from bacterial samples were developed

based on using recombinant flagellin protein (see above). For testing natural culture superna-

tants, the B. cereus strains were grown for 6 h in CGY full medium at 37˚C, as earlier studies

showed uniformly increased swimming motility at this temperature [26]. Thus, under these

growth conditions, the EIA yield (flagellin titres) was maximized. It can further be assumed

that the applied growth conditions are not responsible for strain-specific variations of flagellin

titres in the EIAs.

In the indirect assays with mAb 1A11, flagellin proteins of 22 B. cereus strains were detected

with varying strength. Reciprocal titres reached from 0 (F528/94) to 726.1 ± 118.7 (F837/76)

(Fig 2A). A similar pattern was observed for the indirect EIAs with rabbit antiserum # 5321,

where reciprocal titres ranged from 19.9 ± 0.7 (F528/94) to 2489.7 ± 65.9 (RIVM BC 964) (Fig

2B). As observed before in Western blots (compare Fig 1B and 1C), mAb 1A11 showed almost

no cross-reactivity with other bacteria outside of the B. cereus group, while distinct reciprocal

titres were obtained with the rabbit serum (points A and B in S3 Fig). Subsequently, the two

approaches were combined in a highly specific sandwich EIA where mAb 1A11 served as pri-

mary antibody, while the higher affine HRP-labelled rabbit serum #5321 was used for detec-

tion. Applying this EIA for analysis of a broad range of Bacilli, almost no cross-reactivity was

observed (point C in S3 Fig), and the distinct pattern in B. cereus flagellin detection was again

obvious with reciprocal titres from 0 (F837/76_2) to 56.3 ± 15.2 (F837/76 ΔnheABC) (Fig 2C).

Moreover, Spearman correlation tests showed that the data obtained from both indirect assays

significantly correlated (r = 0.6375), as did the indirect assay (serum # 5321) with the sandwich

EIA (r = 0.5246). Best correlation was calculated for the indirect assay (1A11) and the sand-

wich EIA (r = 0.8475) (Fig 2D).

Determination of the binding site of mAb 1A11

The high specificity of the mAb-based tools prompted us to identify the flagellin epitope reactive

with mAb 1A11. For this, five truncated, overlapping fragments of F837/76 flagellin were con-

structed, overexpressed and purified analogously to the full-length (FL) protein (see Fig 3A and

point D in S2 Fig). In indirect EIAs as well as in Western blots, only the fragment rFla2 could be

detected (Fig 3B and 3C), which suggests that the epitope is located between amino acids 97 and

108 of the recombinant protein and between amino acids 107 and 118 of the wild type flagellin

(RDALDGEYQQLI, see also point D in S2 Fig). As no protein structure of B. cereus F837/76 fla-

gellin exists, models were created using two different templates with either highest available

sequence identity or coverage and identity. The position of the predicted mAb 1A11 epitope is

marked (Fig 1D). However, it has to be considered that the signals received from the fragment

rFla2 (in Western blots as well as EIAs) were rather weak compared to the full-length flagellin,

while much higher protein concentrations were loaded. Furthermore, mAb 1A11 recognized a

great variety of strains with low sequence homology in that region (compare Figs 1B, 2, and

point C in S2 Fig). These findings rather point to a conformational instead of a linear epitope.

Strain-specific swimming motility

In an earlier study, we observed highly strain-specific swimming and swarming motility of a

selected set of enteropathogenic and apathogenic B. cereus isolates [26]. This was extended by
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newly investigated strains in this study. Fig 4A shows the strain-specific swimming motility in

CGY with 0.25% agar after 24 h incubation at 37˚C. One representative image is depicted for

each strain. Generally, swimming correlated well with the detection of flagella, which were

visualized for seven selected strains via scanning electron microscopy (SEM). Interestingly, a

variant of strain F837/76 (F837/76_2) seemed to have lost its flagella and thus, its swimming

ability (Fig 4A and 4B). To find the reason for the dysfunctional flagellin production, total

Fig 2. Application of the generated antibodies in EIAs. Shown are the results (reciprocal titres) obtained for 22 B.

cereus strains by using (A) Indirect EIAs with mAb 1A11, (B) Indirect EIAs with rabbit serum # 5321, and (C)

Sandwich EIAs. Results indicate means and standard deviations of two biological with three technical replicates for

each strain. (D). For correlation tests of EIA results, nonparametric Spearman correlation with 95% confidence

interval was computed using GraphPad Prism. These calculations were performed after first computing the mean of

side-by-side replicates, and then analysing those means.

https://doi.org/10.1371/journal.pone.0265425.g002
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RNA was prepared and reverse transcribed into cDNA, which was subsequently used as tem-

plate for amplification of a 159 bp, N-terminal fragment of the flagellin gene (Fig 4C). The

fragment was amplified when chromosomal DNA of F837/76_2 was used, indicating that the

flagellin gene is still present in this strain. Compared to the highly motile and flagellated strains

6/27/S, F837/76 and F837/76ΔnheABC, no signal could be detected applying cDNA of F837/

76_2. This was observed for growth in CGY full medium as well as under “simulated intestinal

conditions” (RPMI 1640 medium pre-incubated with CaCo-2 cells, 37˚C, 7% CO2 atmosphere;

[37]). Interestingly, when we retrospectively amplified and sequenced the flagellin promoter

regions of strains F837/76 and F837/76_2, they proved to be identical (compare point E in S2

Fig). These observations suggest that this particular strain no longer expresses the flagellin

gene for yet unknown reasons.

Furthermore, swimming motility of most tested strains was in agreement with the detection

of flagellin with the EIAs developed in this study (see above and Table 1 for data overview).

Exceptions were strains INRA C3, F3175/03 (D7) and F528/94. Swimming diameters ([26]

and this study) generally correlated with the indirect EIAs (1A11: r = 0.5206 and rabbit serum

# 5321: r = 0.8168). A slight, but insignificant correlation was also calculated for the sandwich

EIA (r = 0.3513) (see also Fig 5).

Fig 3. Determination of the binding site of mAb 1A11. (A) Schematic overview of the five truncated rFla protein

fragments (Fla1-Fla5). Red: strep-tag, blue: linker, green: mAb 1A11 epitope. (B) Results of indirect EIAs. Full length

(FL) flagellin was used as serial dilution from 1 μg/ml, the truncated fragments from 5 μg/ml. Results indicate means

and standard deviations of three replicates for each protein. Non-linear regression was performed using the one site—

specific binding model of GraphPad Prism. (C) Results of Western blotting. Full length (FL) recombinant flagellin was

applied in a concentration of 0.25 μg/ml, the truncated fragments Fla1-Fla5 as 20 μg/ml. (D) Models of B. cereus F837/

76 flagellin (bcf_08380). Protein structures were generated using SWISS-MODEL [47]. Left: Crystal structure of

Bacillus cereus flagellin (5z7q.1.A) was used as template, which showed approx. 60% coverage and at the same time the

highest sequence identity of all available templates (50.3%). Right: Cryo-EM structure of B. subtilis flagellar filaments

N226Y (5wjt.1.A) was used as template, which showed 100% coverage and at the same time 45.52% sequence identity.

https://doi.org/10.1371/journal.pone.0265425.g003

PLOS ONE Flagellin-specific antibodies

PLOS ONE | https://doi.org/10.1371/journal.pone.0265425 March 17, 2022 10 / 19

https://doi.org/10.1371/journal.pone.0265425.g003
https://doi.org/10.1371/journal.pone.0265425


Influence of the generated antibodies on motility and growth

After getting first insights into the highly strain-specific swimming motility of the tested B.

cereus strains, the newly generated, flagellin-specific antibodies were added to the CGY soft-

agar to determine their possible influence on swimming motility. mAb 1A11 proved to hinder

bacterial swimming. This inhibition was concentration-dependent, but also strain-specific dif-

ferences were observed once more. While 10 μg/ml mAb 1A11 completely hindered motility

of strains INRA A3 and INRA C3, strains F3175/03 (D7), NVH 0075–95 or F837/76 were still

partly motile even after applying 20 μg mAb per ml (Fig 6A). Interestingly, when growth of the

nine selected strains was tested in CGY medium under addition of the antibodies, the opposite

was demonstrated. mAb 1A11 had no significant influence on growth (Fig 6B, shown for three

strains). Lower amounts of serum #5321 seemed to have no effect or slightly enhance growth,

while higher amounts of the serum delayed growth (Fig 6C, shown for three strains). In

Fig 4. Flagella-driven motility of selected B. cereus strains. (A) Swimming motility on CGY plates supplemented

with 0.25% agar after 24 h incubation at 37˚C. Each strain was tested at least in triplicates. One representative image

per strain is shown. Images were obtained from this study or from [26]. (B) Scanning electron microscopy of seven

selected strains. (C) Flagellin gene expression of four strains, which were grown for 3 h in CGY full medium. Gel left:

total RNA on 1% agarose. Gel middle: Control PCR of a 241 bp fragment of the 16S rRNA gene on 1% agarose. No

residual DNA was detected in the samples. Gel right: After reverse transcription of the RNA samples, a 159 bp, N-

terminal fragment of the flagellin gene was amplified via PCR and is shown on 1% agarose. �: cDNA of strains 6/27/S

and F837/76_2 previously grown under simulated intestinal conditions [37].

https://doi.org/10.1371/journal.pone.0265425.g004
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contrast to motility, strains F837/76 and F837/76_2 responded equally to the different growth

conditions.

Discussion

In the present study, antibody-based tools for specific investigation of B. cereus flagella and

especially flagellin were developed. Using polyclonal rabbit antisera as well as mouse mAb

1A11, indirect as well as sandwich EIAs for flagellin detection were established. As a first

result, for the presence of flagella, particularly flagellin titres in indirect EIAs, a significant cor-

relation with swimming motility of 22 B. cereus strains could be determined. Only exceptions

were strains INRA C3, F3175/03 (D7) and F528/94. INRA C3 showed moderate swimming at

30 and medium swimming at 37˚C [26]. In this strain, flagellin could be moderately detected

with the rabbit serum, but not with mAb 1A11 (this study). F3175/03 (D7) showed excellent

swimming at 30 and 37˚C [26], while flagellin could be clearly detected with the rabbit serum,

but not with mAb 1A11 (this study). For F528/94 on the contrary, flagellin could neither be

detected with the rabbit serum nor with mAb 1A11 (this study), and the strain showed

medium swimming motility at 37, but no swimming at all at 30˚C [26] (refer also to Table 1

for data comparison). Comparing the flagellin protein sequences of 20 strains, it became obvi-

ous that in the N-terminal, rather conserved part, strain F3175/03 (D7) bears an exceptionally

high number of amino acids substitutions compared to other strains (point C in S2 Fig). Fur-

thermore, this sequence results in a flagellin protein of only 15.23 kDa, which is also not in

Table 1. Comparative overview of the data of 22 B. cereus strains obtained in this study.

Strain Flagellin (amino

acids)

Flagellin

(kDa)

Western blot mAb

1A11

Western blot serum

# 5321

Indirect EIA mAb

1A11

Indirect EIA serum

# 5321

Sandwich

EIA

Swimming�

F837/76 268 28.74 + + ++ ++ ++ ++

F837/76

ΔnheABC
268 28.74 + + ++ + ++ ++

F837/76_2 268 28.74 - (-) - (-) (-) (-)

14294–3 (M6) 346 39.00 + + + + + +

SDA KA96 457 48.59 + + + + + +

INRA A3 371 40.42 + + + + + +

6/27/S 287 31.02 + + + + + ++

RIVM BC 126 249 26.71 + + + + + +

MHI86 446 47.56 + + + + + +

F4429/71 446 47.56 + + + + + +

RIVM BC 964 364 39.26 + + + ++ ++ ++

F3162/04 (D8) 465 49.85 + + + + + +

MHI226 363 38.38 + + + + + +

NVH 0075–95 373 39.96 + + + + + ++

WSBC 10035 445 47.50 + + + + + ++

RIVM BC 90 445 47.50 + + + + + ++

7/27/S 494 52.57 + + + + + +

IP 5832 359 38.18 + + + + + (+)

INRA C3 393 42.43 - + - (-) (+) +

F3175/03 (D7) 142 15.23 - + - ++ (+) ++

RIVM BC 934 287 31.02 - + (-) (+) + -

F528/94 272 29.27 - (-) - - - +

�: according to [26] and this study. ++: very strong signal, +: strong signal, (+): weak signal, (-): very weak signal, -: no signal.

https://doi.org/10.1371/journal.pone.0265425.t001
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accordance with data from Western blots obtained in this study (compare Fig 1B and 1C).

Nevertheless, for most other available sequenced strains, calculated molecular weights and

kDa obtained in Western blots matched well (see Fig 1B and 1C and point C in S2 Fig). The

only further exception was strain RIVM BC 126, for which a molecular weight of 26.71 kDa

was calculated. Instead of this, two distinct bands at>37 kDa were detected. Further, slight

variations might be the result of flagellin glycosylation [48, 49]. Of special interest is the great

strain-specific variability of molecular weights reaching from 29 to 53 kDa. Generally, when

the draft genome sequenced [36, 44] were searched for homologues of bcf_08380, only one

corresponding gene was found. This is in accordance with earlier studies describing one or a

maximum of two (one active, one inactive) flagellin encoding genes for most tested B. cereus
strains. Type strain ATCC 14579 seems to be atypical with four flagellin gene homologues, of

which three encode flagellin proteins [9]. Differences in swimming motility and in flagellin

protein expression might also result from variations in the promoter regions of the corre-

sponding genes. Generally, this genetic element appeared rather conserved in the 21 B. cereus
strains compared in this study (refer to point E in S2 Fig). The -35 region for instance was

completely conserved, while in the -10 region one bp substitution was detected in strain NVH

0075–95. +1 is missing in strain RIVM BC 126, which also misses further bp, as well as strain

F3175/03 (D7). Interestingly, although no flagella (or flagellin gene expression) could be

detected in the variant F837/76_2, the promoter sequence was identical to that of F837/76.

Detection of bacterial flagella via specific antibodies has a long tradition. In the 1960s and

70s, classification schemes for both B. thuringiensis and B. cereus have been developed, based

on the interaction of polyclonal antisera with the flagellar (H) antigen, first in agglutination

tests, later via EIAs. By 1999, 69 B. thuringiensis serotypes and 13 sub-antigenic groups existed

[50]. For B. cereus, first flagellar serotypes H1-H23 were defined [51, 52], before further sero-

types T1-T12 were added, while a great percentage of the tested isolates remained untypable

[53]. Efforts were undertaken to connect serotyping with the epidemiology of B. cereus food

poisoning and to use this for differentiation between emetic and enteropathogenic isolates.

While the majority of food poisoning strains could be assigned to serotype H1 or H8 and

approx. 90% of the emetic isolates to H1 [52, 54], a multitude of food isolates was untypable

[52, 53]. It has further been shown that an increasing number of B. cereus strains cross-reacts

with the generated B. thuringiensis H antisera. Thus, the two species are not necessarily

Fig 5. Correlation between flagellin titres in EIAs and swimming motility of 22 tested B. cereus strains. Swimming

diameters (in triplicates), determined in an earlier [26] and in this study, were compared to the EIA data (in triplicates)

obtained in this study using nonparametric Spearman correlation with 95% confidence interval in GraphPad Prism.

These calculations were performed after first computing the mean of side-by-side replicates, and then analyzing those

means.

https://doi.org/10.1371/journal.pone.0265425.g005
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distinguishable by flagellar serotyping [50, 55, 56]. This is not surprising considering their

close genetic relationship [57, 58]. In the present study, three previously serotyped strains were

applied as controls. B. cereus ATCC 14579, which had been classified as “untypable”, was

detected by the rabbit serum #5321 at>30 kDa, which matches prior observations [9]. No sig-

nal was detected when mAb 1A11 was used (compare Fig 1B and 1C). Similarly, strain MHI

3240, also known as B. thuringiensis ssp. kurstaki HD-1, was detected by the rabbit serum at

approx. 30 kDa, but not by mAb 1A11 (Fig 1B and 1C). This strain was designated before as

serotype H3 [55] or H3a, 3b, 3c [50]. In contrast to that, B. thuringiensis ATCC 10792, Berliner,

assigned to serotype H1 [50, 55], was detected by both, serum #5321 and mAb 1A11 at approx.

Fig 6. Motility and growth of different B. cereus strains under addition of anti-flagellin antibodies. (A) Swimming

motility of nine B. cereus strains on CGY plates supplemented with 0.25% agar after 24 incubation at 37˚C. mAb 1A11

was added to the agar in concentrations of 10 and 20 μg/ml, respectively. (B) Growth of three selected B. cereus strains

in CGY medium. Medium was mixed 1:1 with PBS containing the appropriate concentration of mAb 1A11 or

antibiotics as control. (C) Growth of three selected B. cereus strains in CGY medium. Medium was mixed 1:1 with PBS

containing the same volume (in μl) of rabbit serum # 5321 as used for mAb 1A11. Results of swimming and growth

assays are depicted as means and standard deviations of two independent runs with three technical replicates each.

https://doi.org/10.1371/journal.pone.0265425.g006
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37 kDa (Fig 1B and 1C). Thus, the rabbit serum #5321 cross-reacts with different specified and

unspecified serotypes, as well as with further species such as B. subtilis or B. licheniformis
(compare Fig 1C and point B in S3 Fig). On the contrary, mAb 1A11 seems to bind rather spe-

cifically to isolates of serotype H1. This might be one reason why strains INRA C3, F3175/03

(D7), RIVM BC 934 and F528/94 were not detected in Western blots (Fig 1B) and only barely

in EIAs (Fig 2). These strains were isolated from pasteurized carrots, human faeces, lettuce and

a rice dish in connection with food poisoning, respectively [36]. The other 16 strains recog-

nized by mAb 1A11 were of different origin including foods (n = 8), human faeces after food

poisoning outbreaks (n = 5), one postoperative infection, one probiotic, and one dish in con-

nection with an outbreak [36]. Thus, in contrast to previous assumptions (see above), the pres-

ent study was not able to differentiate between food and food poisoning isolates by means of

flagellar detection.

Nevertheless, highly strain-specific variations, not only in toxin production or the ability to

provoke the diarrhoeal syndrome [26], but also in motility, flagellar composition, and flagellin

protein sequences became obvious. With the exception of strain F3175/03 (D7), the N- and C-

terminal parts of the flagellin proteins are rather conserved, while most variation appear in the

middle section (compare point C in S2 Fig). This has also been shown in an earlier study,

where the first 111 and the last 66 amino acids of flagellin of 106 selected Bacillus strains were

conserved, while the central region was highly variable. It was also stated that H-serotypes do

not necessarily correlate with flagellin amino acid sequences [56].

In the present study, also the binding site of mAb 1A11 could be identified, which lies in

the rather conserved, N-terminal region. Nevertheless, strain-specific amino acid variations

appear which might be another explanation why some strains were not recognized by the anti-

body including B. cereus type strain ATCC 14579 (compare points B and C in S2 Fig). Next to

flagellar detection, another special feature of mAb 1A11 is that it can be utilized for inhibition

of flagella-driven swimming motility (compare Fig 6A). By this, the ability of the pathogen to

actively move towards and to colonize the site of infection can be seriously disrupted, leading

to generally decreased pathogenicity. Extensive research is performed to generate vaccines and

novel antimicrobial strategies based on the impairment of flagellar functions, such as motility

and adhesion, for pathogenic bacteria such as Campylobacter, Helicobacter or Pseudomonas
aeruginosa [59, 60]. The development of further anti-infective strategies by counteracting bac-

terial flagella-driven swarming behaviour is also focus of attention. Among other things, mod-

ulators can be fatty acids, secondary plant metabolites, enzymes or phages, while the majority

of these molecules seems to interfere with flagellar gene expression [17].

Altogether, in the present study a powerful tool for the specific detection and impairment

of B. cereus flagella was developed.

Supporting information

S1 Fig. Uncropped and unadjusted images of blots and gels. X indicates parts of the images

not used for the manuscript figures. Chemiluminescence signals were detected on a UVP

ChemStudio imager (Analytik Jena, Jena, Germany) after 20–120 s exposure. Samples on 1%

agarose gels were made visible on a UV table and photographed with a Huawei Psmart cell

phone.

(PDF)

S2 Fig. Sequences and multiple sequence alignments (CLUSTAL O 1.2.4) of B. cereus fla-

gellin. A. Comparison of bcf_08380 (strain F837/76) and the three verified flagellin-encoding

genes of strain ATCC 14579. B. Alignment of the corresponding protein sequences. The epi-

tope most likely recognized by mAb 1A11 is marked in green. C. Alignment of the bcf_08380
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gene product and its homologues of 19 enteropathogenic and apathogenic B. cereus strains.

bcf_08380 is highlighted in bold. The mAb 1A11 epitope is shown in green. Strains INRA C3

and F3175-03_(D7) are underlined. Amino acid substitutions in the N-terminal region are

highlighted (red: only strain F3175-03_(D7), yellow: only INRA C3, pink: only few strains

including INRA C3 or F3175-03_(D7)). D. Sequences of the recombinant flagellin proteins

(rFla) after cloning in the pASK-IBA5+ vector. The putative N-terminal signal peptide for

secretion was replaced by a strep-tag and a linker sequence. E. Alignment of the bcf_08380

promoter region and its homologues of 20 B. cereus strains. bcf_08380 is highlighted in bold.

Green: -35 region, orange: -10 region, yellow: +1 according to [1]. Red: Deviations to these

sequences in two strains.

(PDF)

S3 Fig. Negative controls show the specificity of the established EIAs. A. Highly specific

indirect EIAs with mAb 1A11. B. Indirect EIAs with rabbit antiserum # 5321. C. Highly spe-

cific sandwich EIAs. Bt: B. thuringiensis, Bw: B. weihenstephanensis, Bps: B. pseudomycoides,

Bs: B. subtilis, Bl: B. licheniformis, Ba: B. amyloliquefaciens, Bpu: B. pumilus, Lm: L. monocy-

togenes. B. cereus strain F837/76 is shown for comparison. Results indicate means and stan-

dard deviations of two biological with three technical replicates for each strain.

(PDF)
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