
 

Characterisation of the fibronectin binding 

domains and genomic variation of the 

Bartonella adhesin A of 

Bartonella henselae 
 

 

 

Dissertation 

zur Erlangung des Doktorgrades 

der Naturwissenschaften 

 

vorgelegt beim Fachbereich Biowissenschaften 

der Johann Wolfgang Goethe-Universität 

in Frankfurt am Main 

 

 

 

von 

Arno Thibau 
aus Lokeren, Belgien 

 

 

Frankfurt am Main, 2022 

D30  



vom Fachbereich 15 der Biowissenschaften der Johann Wolfgang 

Goethe-Universität als Dissertation angenommen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dekan:  Prof. Dr. Sven Klimpel 

Gutachter:  Prof. Dr. Volker Müller 

Prof. Dr. Volkhard A. J. Kempf 

 

Datum der Disputation:  



Table of contents    I 
 
 

Table of contents 

1. Introduction 1 

1.1. The species Bartonella henselae ............................................................................. 1 

1.1.1. The genus Bartonella as emerging pathogens .................................................. 1 

1.1.2. Genomic adaptation and genotypes of B. henselae .......................................... 1 

1.1.3. B. henselae is the causative agent of cat scratch disease ................................. 2 

1.1.4. Pathogenicity of B. henselae ............................................................................. 3 

1.2. Bartonella adhesin A ............................................................................................... 4 

1.2.1. Characteristics of trimeric autotransporter adhesins .......................................... 4 

1.2.2. Characteristics and biological function of BadA ................................................. 5 

1.2.3. The adhesion of BadA to fibronectin ................................................................. 6 

1.3. Aim of the thesis ...................................................................................................... 7 

2. Materials and Methods 9 

2.1. Bacterial strains and culture media .......................................................................... 9 

2.2. Vectors and primers ...............................................................................................10 

2.3. Antibodies ..............................................................................................................13 

2.4. Proteins and markers .............................................................................................13 

2.5. Reagent kits ...........................................................................................................14 

2.6. Chemicals and substrates ......................................................................................14 

2.7. Equipment and consumables .................................................................................16 

2.8. Software and bioinformatic tools .............................................................................18 

2.9. Buffers and bacterial growth media ........................................................................19 

2.10. Bacterial growth conditions .....................................................................................20 

2.10.1. Cultivation and handling of B. henselae ...........................................................20 

2.10.2. Cultivation of E. coli .........................................................................................21 

2.11. Molecular biological methods .................................................................................21 

2.11.1. Isolation of vector DNA ....................................................................................21 

2.11.2. Isolation of genomic DNA .................................................................................22 

2.11.3. Amplification of DNA by polymerase chain reaction .........................................22 



Table of contents    II 
 
 

2.11.4. Amplification of DNA by real-time polymerase chain reaction ..........................23 

2.11.5. Agarose gel electrophoresis .............................................................................24 

2.11.6. Ligation of DNA fragments ...............................................................................24 

2.11.7. Heat-shock transformation of E. coli.................................................................25 

2.11.8. Electroporation of B. henselae .........................................................................25 

2.11.9. Sanger sequencing and Pacbio sequencing ....................................................25 

2.12. Protein biochemical methods .................................................................................26 

2.12.1. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis ..........................26 

2.12.2. Western blotting ...............................................................................................26 

2.12.3. Isolation of BadA proteins ................................................................................27 

2.13. Immunological methods .........................................................................................28 

2.13.1. Purification of antibodies by pre-adsorption......................................................28 

2.13.2. ELISA ..............................................................................................................28 

2.13.3. Antibody inhibition ELISA .................................................................................28 

2.14. Microscopy .............................................................................................................29 

2.14.1. Immunofluorescence microscopy .....................................................................29 

2.14.2. Confocal laser scanning microscopy ................................................................30 

2.14.3. Transmission electron microscopy ...................................................................30 

2.15. Statistics .................................................................................................................31 

3. Results 32 

3.1. Analysis of the B. henselae genome ......................................................................32 

3.1.1. Overview of the B. henselae genome sequencing parameters .........................32 

3.1.2. Overview of the general B. henselae genome organisation ..............................33 

3.1.3. Overview of the B. alsatica IBS 382 (CIP 105477) genome sequencing 

parameters.......................................................................................................36 

3.2. Analysis of the badA island and flanking regions ....................................................36 

3.2.1. Identification of the major genes upstream of the badA island .........................38 

3.2.2. Identification of the major genes downstream of the badA island .....................39 

3.2.3. Identification of the badA pseudogenes ...........................................................39 

3.2.4. Characterisation of the badA gene and corresponding BadA protein ...............41 



Table of contents    III 
 
 

3.2.5. Analysis of an 18-bp repeat region ...................................................................43 

3.3. Generation of a B. henselae Marseille badA deletion mutant .................................45 

3.4. Generation of anti-BadA antibodies and verification of badA expression via Western 

blotting..................................................................................................................47 

3.5. Analysis of BadA on the bacterial surface via immunofluorescence and transmission 

electron microscopy ..............................................................................................49 

3.6. Functional analysis of the fibronectin and collagen binding of B. henselae .............52 

3.7. Characterisation and schematic domain organisation of the repetitive Bartonella 

adhesin A of B. henselae Marseille .......................................................................53 

3.8. Generation of modified badA genes expressed in a B. henselae Marseille badA-

deficient transposon mutant ..................................................................................57 

3.8.1. Overview of the design and construction of modified badA genes ....................57 

3.8.2. Analysis of modified BadA fibres on the bacterial surface via confocal laser 

scanning and transmission electron microscopy ..............................................59 

3.9. Functional analysis of the fibronectin binding of modified BadA constructs via ELISA 

and fluorescence microscopy ...............................................................................61 

3.9.1. Analysis of fibronectin binding via ELISA .........................................................61 

3.9.2. Analysis of fibronectin binding via fluorescence microscopy ............................63 

3.9.3. Analysis of the bacterial seeding number via quantitative real-time polymerase 

chain reaction ..................................................................................................64 

3.10. Characterisation of a BadA-fibronectin binding site using specific anti-BadA-DALL 

antibodies .............................................................................................................65 

3.10.1. Generation and specificity of anti-BadA-DALL antibodies ................................65 

3.10.2. Analysis of a decreased BadA-fibronectin binding via anti-BadA-DALL 

antibodies ........................................................................................................67 

4. Discussion 69 

4.1. Long-read sequencing reveals genetic adaptation of the badA island among 

different B. henselae strains .................................................................................70 

4.1.1. Long-read sequencing covers the highly repetitive badA island .......................70 

4.1.2. Classification of the B. henselae species .........................................................70 

4.1.3. Potential influence of flanking genes on badA expression ................................71 

4.1.4. The badA island is a recombination hotspot .....................................................72 



Table of contents    IV 
 
 

4.1.5. The 18-bp repeat region follows a periodic glycine-x-x motif ............................74 

4.2. Adhesion of B. henselae to fibronectin is mediated via repetitive motifs present in 

the stalk of BadA ..................................................................................................74 

4.2.1. BadA is crucial for adhesion in the initial phase of infection .............................74 

4.2.2. The role of specific BadA neck/stalk domains in binding fibronectin .................75 

4.2.3. BadA-fibronectin binding is mediated via repetitive motif sequences................76 

4.3. Outlook ...................................................................................................................77 

Summary 78 

Zusammenfassung 79 

Einleitung ..........................................................................................................................79 

Zielsetzung .......................................................................................................................80 

Ergebnisse und Diskussion ...............................................................................................80 

References 83 

List of figures 99 

List of tables 100 

Abbreviations 101 

Data availability 104 

Supplementary figures 105 

Supplementary tables 115 

Acknowledgments 117 

Curriculum Vitae 118 

Publications 119 

Conference participations 120 



Introduction  1 
 

1. Introduction 

1.1.  The species Bartonella henselae 

1.1.1. The genus Bartonella as emerging pathogens 

Bartonella species have long since been marked as emerging pathogens, yet B. quintana has 

been detected in human remains dating back to 2,000 BC [1–3]. The genus Bartonella belongs 

to the alpha-2 subgroup of the class proteobacterium, currently consists of more than 40 

identified species, and is categorised into three clades [4–7]. The first two clades consist solely 

of the species B. apis and B. tamiae, respectively, while the third clade, designated as the 

eubartonellae [8], is further classified into four phylogenetic lineages based on several core 

genes and six house-keeping genes (rpoB, groEL, ribC, ftsZ, nuoG, and gltA) [9]. Lineage 1 

consists of the human pathogenic B. bacilliformis and the phylogenetically related 

B. ancashensis [10–12]. The other three lineages include both zoonotic and human pathogens 

with a wide array of mammals as reservoir hosts [13–17]. Bartonella species are 

hematophagous-arthropod-borne, rod-shaped facultative intracellular bacteria that are 

characterised by their ‘stealthy’ course of infection [13, 18]. From a clinical point of view, long-

lasting host reservoir infections are commonly asymptomatic, while incidental host infections 

show a higher morbidity, despite often being self-limiting. Bartonella species are the causative 

agent of a wide variety of human diseases with a remarkable range of symptoms, examples 

are Carrion’s disease (B. bacilliformis), trench fever (B. quintana), and cat scratch disease 

(CSD; B. henselae) [19, 20].  

 

1.1.2. Genomic adaptation and genotypes of B. henselae 

Bartonella species are evolutionary driven by adaptive radiation where host-specific adaptation 

is suggested to be essential for their survival and pathogenicity [21]. Homologous 

recombination, for example by phase variation, and horizontal gene transfer mediate the 

origination of different strains within one species, while simultaneously maintaining genome 

integrity [16, 22, 23]. In addition, reductive genome evolution is commonly observed within the 

genus Bartonella and is in line with the overall intracellular lifestyle and hematophagous-

arthropod-borne transmission [24–26].  

B. henselae strains demonstrate variable genomic and phenotypic differences [27, 28] and 

thus far, two B. henselae genotypes were identified based on 16S ribosomal (r)RNA gene 

sequences. Genotype I is represented by B. henselae ATCC49882T Houston-I and genotype II 

by B. henselae Marseille [29–32]. Classification and correct bacterial genotyping of 
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B. henselae strains is a challenging task and has been performed using different techniques 

such as pulse field gel electrophoresis, restriction fragment length polymorphism, or various 

polymerase chain reaction (PCR)-based techniques [33–36]. More recently, genomic DNA 

(gDNA) sequencing-based approaches, for example 16S rRNA gene sequencing, multilocus 

sequence typing, or whole genome sequencing techniques have been implemented [24, 37–

41]. 

Differing correlations of both genotypes regarding their infection strategy of feline and human 

endothelial cell lines have been described [42–44]. As such, some strains are associated with 

certain host related niches and thus display distinct characteristics, in which outer membrane 

protein variation is suggested to be mediated by phase variation [27, 28, 35, 45]. Phenotypic 

differences are among others related to the production of two important pathogenicity factors: 

the Bartonella adhesin A (BadA) and the VirB/D4 type IV secretion system [35, 46].  

 

1.1.3. B. henselae is the causative agent of cat scratch disease 

B. henselae is an endemic, fastidious, and slow-growing bacteria with cats (Felis catus) 

serving as the primary reservoir host. Infection of cats usually results in a long-lasting 

asymptomatic bacteraemia [47, 48]. Transmission among cats occurs through the faeces or 

bites of infected cat fleas (Ctenocephalides felis) and possibly via ticks (for example Ixodes 

ricinus) [49–52]. Other reservoir hosts such as dogs and guinea pigs have also been suggested 

[53–56]. Incidental transmission of B. henselae to humans occurs indirectly by contaminated 

flea faeces via cat scratches or bites. Thus far, no direct B. henselae transmission from flea to 

human has been reported [47, 49].  

B. henselae is the causative agent of CSD, a self-limiting zoonotic disease characterised by 

localised lymphadenopathy appearing 2-3 weeks after inoculation. Other common symptoms 

are skin lesions at the site of the cat scratch, fatigue, and fever. Infection of 

immunocompromised patients might induce more severe diseases such as ‘culture-negative’ 

endocarditis, bacillary angiomatosis, or other related vasculoproliferative disorders [19, 57–60] 

and are often treated with antibiotics such as rifampicin, azithromycin, and/or doxycycline [61, 

62]. The majority of CSD-cases are reported in the United States of America where for instance 

a yearly average of ca. 12,000 diagnoses and ca. 500 hospitalisations have been observed 

during the period 2005-2013 [63, 64]. Diagnosis of CSD is most often established by 

histological examination, bacterial cultivation, serologic testing, and/or PCR-based methods, 

combined with a history of exposure to cats [65].  
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1.1.4. Pathogenicity of B. henselae 

The interaction of B. henselae with host cells has been studied, however, conclusive 

knowledge on the primary niche of B. henselae or on the means of invasion and colonisation 

of host cells remains unclear. After inoculation in cats, B. henselae establishes a long-lasting 

and relapsing infection of erythrocytes [66, 67]. Thus far, no invasion of human erythrocytes 

by B. henselae has been observed [68]. Other identified niches in cats are the liver, heart, and 

lymph nodes [69]. Inoculation of human cells by B. henselae occurs usually through infected 

flea faeces that is superficially scratched into the skin. Human umbilical vein endothelial cells 

(HUVEC) have often been associated with intracellular or attached B. henselae and 

endothelial cells were therefore suggested as a primary niche [70]. Moreover, several outer 

membrane proteins have been identified to adhere to HUVECs in vitro [71]. Accordingly, 

cultured HUVECs have been proven an efficient in vitro model system to study infection 

experiments with B. henselae [72, 73]. Interactions between endothelial cells and B. henselae 

are characterised by internalisation via Bartonella-containing vacuoles or via an actin-

dependent invasome-mediated uptake, suggested to facilitate long-lasting host cell 

colonisation [18, 74, 75]. Subsequent activation of the key transcription factor hypoxia-

inducible factor-1, secretion of the vascular endothelial growth factor, and inhibition of 

apoptosis results in the formation of vascular tumours [76–79]. 

Two major pathogenicity factors of B. henselae have been described more extensively and 

have been demonstrated to participate actively in the interaction with host cells: the 

VirB/D4 type IV secretion system and the trimeric autotransporter adhesin (TAA) BadA. The 

VirB/D4 type IV secretion system is known to translocate a mixture of Bartonella effector 

proteins into the host cell and is associated with invasome formation via actin cytoskeleton 

reorganisation, inhibition of apoptosis, activation of proinflammatory signalling, and stimulation 

of vasoproliferation [18, 78, 80, 81]. Activation of the VirB/D4 type IV secretion system is 

regulated by the BatR/BatS two-component system in combination with the alternative sigma 

factor RpoH1 [82]. The BatR/BatS two-component system functions as a pH sensor and 

controls the adaptive response of B. henselae during infection of human host cells and during 

changes in the host cell environment [83, 84]. Furthermore, it has been demonstrated that the 

presence of BadA on the outer membrane of B. henselae negatively effects the translocation 

of VirB/D4-dependent Bartonella effector proteins and subsequent host cell invasion via 

invasome formation [46]. Other identified pathogenicity factors of B. henselae are the Trw type 

IV secretion system [85, 86], the CAMP-like factor autotransporter [87], the invasion associated 

locus B (IalB) [88], the lipopolysaccharide [89], the hemin binding protein A (HbpA/Pap31) [90–

93], and few outer membrane proteins such as Omp43 and Omp89 [71, 94]. 
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1.2.  Bartonella adhesin A 

1.2.1. Characteristics of trimeric autotransporter adhesins 

B. henselae is characterised by the enormous BadA protein present abundantly on the 

bacteria’s surface. BadA belongs to the class of TAAs, also designated as the type Vc 

secretion system (Figure 1). TAAs are widely present in human pathogenic Gram-negative 

bacteria and in the genus Bartonella and display a common modular architecture consisting of 

a long N-terminal passenger domain and a C-terminal anchor domain [95, 96]. The Yersinia 

adhesin A (YadA) of Yersinia enterocolitica is considered the prototypical TAA while other well-

known and clinically relevant examples are the Acinetobacter trimeric autotransporter (Ata) of 

Acinetobacter baumannii, the Neisseria adhesin A (NadA) of Neisseria meningitidis, and the 

Salmonella adhesin A (SadA) of Salmonella enterica [97–100].  

 

Figure 1. Overview of BadA from B. henselae as representative of trimeric autotransporter 
adhesins (adapted from [95, 101]). (A) Transmission electron microscopy image of B. henselae 
Marseille with BadA (black arrow) present as long fibres on the bacterial outer membrane. 
Scale bar: 100 nm. (B) Scanning electron microscopy image of B. henselae Marseille (blue) adhering 
and aggregating on the surface of HUVECs (red) 30 minutes after infection. Scale bare: 5 μm. 
(C) Structural simplified model representing the common architecture of TAAs consisting of an N-
terminal head domain, a long neck/stalk region, and a C-terminal anchor domain.  
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The passenger domain of BadA consists of a head domain and a long neck/stalk region and 

has been organised into shorter sequence motifs using the ‘domain dictionary’ approach of the 

domain annotation of TAA (daTAA)-server [96, 102–104]. Moreover, the crystal structure of 

the N-terminal head domain has been solved and contains so-called YadA-like head repeats, 

a head insert motif (HIM)1, a tryptophan (Trp) ring motif, a GIN motif, and a neck motif [105]. 

The neck/stalk region was shown to consist of a recurring pattern including FGG motifs, coiled-

coil motifs, and DALL-neck tandem connectors [106]. FGG motifs come as different subtypes 

but are generally described as an insertion of a 3-stranded β-meander into a coiled-coil region 

causing a 120 ° twist of the subunit chains around the trimer axis and usually support the long 

BadA trimer against vertical shear stress [97, 104]. In addition, the presence of multiple glycine 

residues in the FGG motif sequence facilitate tight turns and the formation of short loops [107]. 

Coiled-coil regions are characterised by a super-helical α-helix structure and generally show a 

‘knobs-into-holes’ packing where hydrophobic residues from one strand are situated in the 

trimeric core and fit into a space enveloped by the other two strands [108]. Most coiled-coil 

motif sequences consist of a heptad repeat where the first and fourth amino acid (aa) are 

hydrophobic residues buried in the ‘knob’ and are separated by polar residues present on the 

trimer’s exterior [104]. Transitions from α-helices to β-stranded structures, and back to 

α-helices are facilitated via DALL and neck motif sequences, respectively. DALL motifs consist 

of two β-strands forming a hairpin perpendicular to the fibre axis connected to the β-strand of 

the following neck motif. Neck motifs are distributed abundantly among the BadA neck/stalk 

region, are considered the most conserved part of the passenger domain in TAAs, and consist 

of N-terminal β-sheets forming a hairpin making it a conformationally flexible region [104, 106, 

109]. The C-terminal anchor domain is homologous among TAAs and was shown to consists 

of a 12-stranded β-barrel embedded in the bacterial outer membrane [95, 104].  

 

1.2.2. Characteristics and biological function of BadA 

BadA was originally identified as a type IV-like pilus and was first characterised in B. henselae 

Marseille [76, 110]. It was initially demonstrated that B. henselae Marseille expresses a 9.3 kb 

badA gene encoding for a BadA protein (3,082 aa) with an enormous fibre length of ca. 240 nm 

and mass of ca. 328-340 kDa per monomer [76]. The corresponding BadA neck/stalk region 

was depicted to consist of 22 neck/stalk domains, defined by their respective neck sequence 

[106]. However, while analysing several B. henselae strains, variations in length of the 

respective badA genes were observed and were attributed to differences in the repetitive 

neck/stalk region. In addition, some of the analysed B. henselae strains lacked the ability to 

express badA because of the presence of a premature stop codon [111]. 
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Thus far, regulation of badA expression remains rather inconclusive but has been linked to 

both the general stress response system making use of an alternate sigma factor [112] and to 

the Bartonella regulatory transcript 1 (Brt1) in association with the transcriptional regulatory 

protein 1 (Trp1) [113, 114]. Accordingly, the alternate sigma factor RpoE and the 

anti-anti-sigma factor PhyR are positive regulators of the general stress response system that 

were shown to repress badA expression and be activated under conditions mimicking the cat 

flea host environment. On the other hand, Trp1 was shown to increase badA transcription 

through binding with the suggested badA promoter region. Transcription of trp1 is controlled 

by brt1 that was shown to be upregulated under human host cell conditions. In addition, 

cultivating B. henselae under human host cell conditions in vitro with a neutral pH of 7.4 and a 

temperature of 37 °C has proven to stimulate badA transcription compared to environments 

mimicking cat flea host conditions [112, 115, 116].  

BadA is a major pathogenicity factor of B. henselae and expression of badA has been 

associated directly with angiogenic reprograming of infected host cells via the activation of the 

hypoxia-inducible factor-1 and secretion of vasculoproliferative cytokines [76, 77]. 

Furthermore, badA-expressing strains have been shown to aggregate in large agglomerates 

mimicking biofilm formation in vitro [113, 115]. In addition, BadA antibodies were detectable in 

ca. 75 % of sera samples from patients with a suspected B. henselae infection, suggesting an 

immunodominant role for BadA and making it an interesting candidate for the development of 

a vaccine [76, 101, 117]. Moreover, BadA was demonstrated to be crucial for adhesion to 

various extracellular matrix (ECM) proteins and angiogenic reprogramming of host cells [72]. 

 

1.2.3. The adhesion of BadA to fibronectin 

Adhesion to host cells is the first and most crucial step in infections with B. henselae and with 

pathogenic Gram-negative bacteria more generally. It has been demonstrated that B. henselae 

binds ECM proteins using its long and membrane exposed BadA fibres to attach the bacteria 

to the host cell surface [72, 76, 106, 111, 118]. Consequently, B. henselae strains lacking badA 

expression showed only minimal binding to various ECM proteins such as fibronectin, laminin, 

vitronectin, and several collagens, under both static and dynamic flow conditions [76, 118]. 

Moreover, via binding assays using modified BadA proteins it was demonstrated that 

exclusively the BadA neck/stalk region, and not the head domain, is responsible for the 

adhesion of B. henselae to fibronectin [106]. As such, B. henselae strains expressing modified 

badA genes that do not include a head domain and only contain 4 neck/stalk domains were 

still able to bind fibronectin, while B. henselae strains expressing modified badA genes that 
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include a head domain and only 1 neck/stalk domain were not. Consequently, it was 

demonstrated that a minimal number of 4 neck/stalk domains is necessary to bind fibronectin.  

Fibronectin was proven to be a key first binding partner of B. henselae during infection of 

human endothelial host cells, therefore, B. henselae Marseille showed a significant lower 

binding to HUVECs deficient in producing fibronectin. It was shown via cross-linking mass 

spectrometry (XL-MS) that BadA-fibronectin interactions occur via the fibronectin heparin-

binding domains [73]. Fibronectin is a multi-domain (type I, II, and III repeats) and 

heterodimeric glycoprotein that is present abundantly on the cell surface of endothelial cells as 

a fibrillary-type matrix (cellular fibronectin) or in blood, saliva, and other fluids (plasma 

fibronectin) making it an excellent first binding partner in infections of blood vessels, heart 

valves, or in the case of a cat scratch in the human skin [119, 120]. 

 

1.3.  Aim of the thesis 

TAAs are important virulence factors of various pathogenic Gram-negative bacteria and TAA-

targeted anti-adhesive strategies might represent a universal strategy to counteract many 

bacterial infections. BadA is one of the best characterised TAAs and because of its high 

number of neck/stalk domains it serves as an attractive adhesin to study the domain-function 

relationship of TAAs in the infection process. Moreover, BadA neck/stalk domains consist of 

specific and repeated sequence motifs with characteristic and predicted structural 

conformations. The first and major binding partner during infection is the ECM glycoprotein 

fibronectin. However, it remains unknown which exact domains or motifs of the BadA 

neck/stalk region are responsible for fibronectin binding. 

Nonetheless, to analyse such BadA-fibronectin binding motifs in detail, it must first be verified 

that such motifs are conserved within the species of B. henselae. It is known that 

early-passage B. henselae strains are able to express badA, resulting in long trimeric protein 

fibres present on the bacterial outer membrane mediating adhesion to the ECM and host cells. 

The badA gene of B. henselae stands out because of its enormous length, its highly modular 

and repetitive structure, and its variability in length. Underlying repeats on the badA sequence 

level suggest easy gene rearrangements via recombination, making correct species typing or 

phylogenetic analysis challenging. Moreover, the lifestyle of B. henselae with frequent 

transitions from the cat flea’s gut to cats and to accidental human hosts might require efficient 

and quick adaptation strategies. Differences in the badA gene length were already observed 

and are presumably driven by genetic adaptation to frequently alternating host environments. 

However, it was never possible to correctly sequence this genomic region because of its highly 

repetitive nature. In the scope of this thesis, genomes of eight B. henselae strains were 
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sequenced using long-read sequencing techniques with the aim of analysing differences in the 

highly variable badA gene and study badA expression and functional binding to ECM proteins. 

Compared to short-read sequencing technologies, long-read sequencing facilitates to 

differentiate close variants and to cover highly repetitive stretches without major assembly 

problems. 

To identify specific repeated motif sequences that are involved in the adherence to fibronectin, 

several modified badA mutants were constructed in a B. henselae strain deficient in expressing 

badA and used in whole-cell binding ELISA experiments. Expression of the truncated and 

modified badA mutants was verified by Western blotting, immunofluorescence microscopy, 

confocal laser scanning microscopy, and transmission electron microscopy. The identification 

of common binding motifs between BadA and the major binding partner fibronectin might 

provide a basis towards the design and development of novel ‘anti-adhesive’ compounds 

preventing initial adherence of B. henselae to endothelial cells during infection and might also 

function as a model for studies involving other TAA-producing pathogenic bacteria. 
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2. Materials and Methods 

2.1.  Bacterial strains and culture media 

Bacterial strains used in this work are listed in Table 1. The different B. henselae isolates were 

collected from human patients and domestic cats and were preserved in the strain collection 

of the Institute of Medical Microbiology and Infection Control at the University Hospital Frankfurt 

am Main. The passage number of the different B. henselae isolates is < 10, however, the exact 

passage number before arriving in Frankfurt am Main is unknown. Three of the B. henselae 

strains are variants of the type-strain ATCC49882T Houston-I [29]. B. henselae Marseille 

∆BadA-T/pS27, /pHN2S27, /pS28, /pS29, /pS30, and /pHNS30 were designed and/or 

generated previously by Patrick Kaiser, PhD. 

Chemically competent Escherichia coli DH5α from New England BioLabs® (NEB) are suitable 

for high efficiency transformation and were used for all cloning procedures. 

 

Table 1. Overview of B. henselae strains used in this work. 

B. henselae strain Characteristics Source 

Marseille badA-expressing isolate from a human patient diagnosed with cat 

scratch disease 

[30] 

ATCC49882T var-1 badA-deficient laboratory streptomycin-resistant variant of 

B. henselae ATCC49882T Houston-I 

[29, 80] 

ATCC49882T var-2 badA-expressing laboratory variant of B. henselae ATCC49882T 

Houston-I 

[29, 46, 111] 

Berlin-I badA-deficient skin biopsy specimen-isolate from a human patient 

diagnosed with bacillary angiomatosis 

[121] 

G-5436 badA-expressing isolate from a human patient and variant of 

B. henselae ATCC49882T Houston-I 

[29, 122, 123] 

88-64 Oklahoma badA-expressing blood isolate from a human patient diagnosed with 

human immunodeficiency viruses (HIV) 

[124] 

FR96/BK38 badA-expressing blood isolate from a domestic cat [125] 

FR96/BK3 badA-expressing blood isolate from a domestic cat [125] 

 

Marseille   

 ∆BadA-T B. henselae Marseille badA-deficient mutant with a TN <KAN-2> 

transposon integrated in badA; Kan (30 µg/ml) resistant 

[76, 126] 

 ∆BadA-D B. henselae Marseille badA-deficient mutant with badA deleted via 

homologous recombination 

 

This work, 

[127] 
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2.2.  Vectors and primers 

Table 2. Overview of vectors used in this work.  

Table 1. Overview of B. henselae strains used in this work. Continued. 

 ∆BadA-T/pS27 B. henselae Marseille ∆BadA-T transformed with pS27; 

previously referred to as B. henselae badA-/pF12;  

Kan (30 µg/ml) and Gen (10 µg/ml) resistant 

[106] 

 ∆BadA-T/pS28 B. henselae Marseille ∆BadA-T transformed with pS28;  

Kan (30 µg/ml) and Gen (10 µg/ml) resistant 

This work, 

[128] 

 ∆BadA-T/pS29 B. henselae Marseille ∆BadA-T transformed with pS29;  

Kan (30 µg/ml) and Gen (10 µg/ml) resistant 

This work, 

[128] 

 ∆BadA-T/pS30 B. henselae Marseille ∆BadA-T transformed with pS30;  

previously referred to as B. henselae badA-/pN23;  

Kan (30 µg/ml) and Gen (10 µg/ml) resistant 

[106] 

 ∆BadAT/pHN2S27 B. henselae Marseille ∆BadA-T transformed with pHN2S27; 

previously referred to as B. henselae badA-/pHN2F12;  

Kan (30 µg/ml) and Gen (10 µg/ml) resistant 

[106] 

 ∆BadA-T/pHNS30 B. henselae Marseille ∆BadA-T transformed with pHNS30;  

previously referred to as B. henselae badA-/pHN23; 

Kan (30 µg/ml) and Gen (10 µg/ml) resistant 

[72, 106] 

 ∆BadA-T/pD16S28 B. henselae Marseille ∆BadA-T transformed with pD16S28; 

Kan (30 µg/ml) and Gen (10 µg/ml) resistant 

This work, 

[128] 

 ∆BadA-T/pD19S28 B. henselae Marseille ∆BadA-T transformed with pD19S28; 

Kan (30 µg/ml) and Gen (10 µg/ml) resistant 

This work, 

[128] 

 ∆BadA-T/pD25S28 B. henselae Marseille ∆BadA-T transformed with pD25S28; 

Kan (30 µg/ml) and Gen (10 µg/ml) resistant 

This work, 

[128] 

 ∆BadA-T/pD27S29 B. henselae Marseille ∆BadA-T transformed with pD27S29; 

Kan (30 µg/ml) and Gen (10 µg/ml) resistant 

This work, 

[128] 

Vector Characteristics Source 

pBIISK_sacB/kanR Suicide cloning vector including a sacB/kanR-cassette; 

Kan (50 µg/ml) resistance 

[129] 

pBIISK_sacB/kan_ 

UpDownBadA 

pBIISK_sacB/kanR including a ca. 2 kb up- and downstream region 

of badA (strain Marseille) 

This work, [127] 

pMK-RQ GeneArt® cloning vector; Kan (50 µg/ml) resistance GeneArt® 

pMA GeneArt® cloning vector; Amp (50 µg/ml) resistance GeneArt® 

pMS-RQ GeneArt® cloning vector; Spec (30 µg/ml) resistance GeneArt® 

pBBR1MCS-5 Broad-host range vector; Gen (10 µg/ml) resistance  [130] 
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Table 3. Overview of primers used in this work (Metabion, Munich, Germany).  

Primer 5’-3’ sequence* Application 

badAFrUp_Fw AGCCCGGGGGATCCATTGGTTTGGCA

GTGTCCAACT 
PCR; upstream flanking region of badA 

(B. henselae Marseille) 

badAFrUp_Rv CCTGCGCCTCTCTTTGATGTGACAGAT

AATTTTTTCATAATAAATTCTCCAA 
PCR; upstream flanking region of badA 

(B. henselae Marseille) 

badAFrDown_Fw AAAGAGAGGCGCAGGGATTACTTTGAG PCR; downstream flanking region of badA 

(B. henselae Marseille) 

badAFrDown_Rv GGCCGCTCTAGAACTAGACTTCAAATA

ATATCTCTTACTATTGAATAATATTTTCC

TAAAACTACG 

PCR; downstream flanking region of badA 

(B. henselae Marseille) 

pBIISK_Fw CTAGTTCTAGAGCGGCCGC PCR; vector pBIISK_sacB/kanR 

pBIISK_Rv TGGATCCCCCGGGCTG PCR; vector pBIISK_sacB/kanR 

pBIISK_seq_Fw ATTGGTTGTAACACTGGCAGAG PCR and sequencing; vector 

pBIISK_sacB/kanR_UpDownBadA 

pBIISK_seq_Fv GCGCAATTAACCCTCACTAAAG PCR and sequencing; vector 

pBIISK_sacB/kanR_UpDownBadA 

IntegrationA_Fw GGATCCATTGGTTTGGCAGTG PCR; gDNA B. henselae Marseille and vector 

pBIISK_sacB/kanR_UpDownBadA 

*Underlined primer protein sequences do not anneal to the template DNA  

Table 2. Overview of vectors used in this work. Continued. 

pS27 pBBR1MCS-5 including a ca. 3.0 kb badA fragment (badA S27);  

previously referred to as badA F12 

[106] 

pS28 pBBR1MCS-5 including a ca. 2.6 kb badA fragment (badA S28) This work, [128] 

pS29 pBBR1MCS-5 including a ca. 2.2 kb badA fragment (badA S29) This work, [128] 

pS30 pBBR1MCS-5 including a ca. 1.9 kb badA fragment (badA S30);  

previously referred to as badA N23 

[106] 

pHN2S27 pBBR1MCS-5 including a ca. 4.3 kb badA fragment (badA HN2S27); 

previously referred to as badA HN2F12 

[106] 

pHNS30 pBBR1MCS-5 including a ca. 3.1 kb badA fragment (badA HNS30); 

previously referred to as badA HN23 

[72, 106] 

pD16S28 pBBR1MCS-5 including a ca. 3.0 kb badA fragment (badA D16S28) This work, [128] 

pD19S28 pBBR1MCS-5 including a ca. 2.8 kb badA fragment (badA D19S28) This work, [128] 

pD25S28 pBBR1MCS-5 including a ca. 2.8 kb badA fragment (badA D28S28) This work, [128] 

pD27S29 pBBR1MCS-5 including a ca. 2.6 kb badA fragment (badA D27S29) This work, [128] 

pCR™2.1-TOPO®_glyA Standard cloning vector including a 120 bp fragment of glyA;  

Kan (50 µg/ml) and Amp (50 µg/ml) resistance 

Invitrogen 
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Table 3. Overview of primers used in this work (Metabion, Munich, Germany). Continued. 

IntegrationA_Rv GTTTTTCCATGGTAGCATCACTC PCR; gDNA B. henselae Marseille and vector 

pBIISK_sacB/kanR_UpDownBadA 

IntegrationB_Fw TTTAAGCTACGCGGTTGAGGATG PCR and sequencing; gDNA B. henselae 

Marseille and vector 

pBIISK_sacB/kanR_UpDownBadA 

IntegrationB_Rv CGCTCTAGAACTAGACTTCAAATAATAT

CTCTTAC 
PCR; gDNA B. henselae Marseille and vector 

pBIISK_sacB/kanR_UpDownBadA 

Segregation_Fw TTAAAGGGTTAAGTGCAGC Sequencing; gDNA B. henselae Marseille 

∆BadA-D 

Repeat_Fw GAGATTGCTAATGCGAATGG PCR and sequencing; gDNA B. henselae 

strains 

Repeat_Rv ATTACCAACACCATTGCC PCR and sequencing; gDNA B. henselae 

strains 

S28domains_Fw CTCTAGAACTAGTGGATCCCGAATTCC

TGAATTTAGAGAGTG 
PCR and sequencing; badA mutants in vector 

pBBR1MCS-5 

S28domains_Rv GTATCGATAAGCTTGATATCGAATTCTT

TTTCGTAGAAACAAGAG 
PCR and sequencing; badA mutants in vector 

pBBR1MCS-5 

pBBR1MCS-5_Fw GTTTCTACGAAAAAGAATTCGATATCAA

GCTTATCGATACC 
PCR; vector pBBR1MCS-5 

pBBR1MCS-5_Rv CTCTCTAAATTCAGGAATTCGGGATCC

ACTAGTTCTAGAGC 
PCR; vector pBBR1MCS-5 

pBBR1MCS-5_GA_Fw CTCACTATAGGGCGAATTGG PCR; badA mutants in vector pBBR1MCS-5 

pBBR1MCS-5_GA_Rv GAGTTAGCTCACTCATTAGGC PCR; badA mutants in vector pBBR1MCS-5 

BadA1_Fw CGTTCCCAATTTGACCAC PCR and sequencing; gDNA B. henselae 

Marseille ∆BadA-D and badA mutants in vector 

pBBR1MCS-5  

BadA2_Fw TATTCAATGAGCAATATGCTTGCGACC Sequencing; badA mutants in vector 

pBBR1MCS-5 

BadA3_Fw  AGTTGGTACGTCTTTCACC PCR and sequencing; badA mutants in vector 

pBBR1MCS-5 

BadA4_Fw  ACGACTGTTACGCAACAGG PCR and sequencing; badA mutants in vector 

pBBR1MCS-5 

BadA5_Fw  TGATAAGGACGGTTCAGC PCR and sequencing; badA mutants in vector 

pBBR1MCS-5 

BadA_Rv ATGATTCGACGTGTTTCACC PCR and sequencing; badA mutants in vector 

pBBR1MCS-5 

glyA_Fw GACAGGAAAATGTGCCGAAT qPCR; glyA in vector pCR™2.1-TOPO®_glyA 

glyA_Rv GCAGGTGAACCAAGACGAAT qPCR; glyA in vector pCR™2.1-TOPO®_glyA 

*Underlined primer protein sequences do not anneal to the template DNA  
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2.3.  Antibodies  

Table 4. Overview of antibodies used in this work. 

Antibody Dilution Application Source 

Rabbit anti-BadA 1:4,000 (WB); 

1:400 (IFM) 

Primary antibody; WB and IFM This work 

Rabbit anti-BadA-DALL 1:4,000 (WB); 

1:2,000 (ELISA); 

1:100 (IFM) 

Primary antibody and inhibiting 

compound; WB, ELISA, and IFM 

This work 

Rabbit anti-B. henselae  1:1,000 Primary antibody; WB and ELISA [131] 

Mouse anti-fibronectin 1:1,000 Primary antibody; ELISA Becton-Dickinson (610077)

HRP-conjugated  

swine anti-rabbit 

1:2,000 Secondary antibody; WB and ELISA Agilent-Dako (P0217) 

Alexa 488-conjugated 

goat anti-rabbit 

1:200 Secondary antibody; IFM Dianova (111-545-045) 

HRP-conjugated  

goat anti-mouse 

1:1,000 Secondary antibody; ELISA Agilent-Dako (P0260) 

 

 

2.4.  Proteins and markers 

Table 5. Overview of proteins and markers used in this work. 

Protein Application Producer 

Fibronectin (human plasma) ELISA Sigma-Aldrich (F2006) 

Collagen-I (human) ELISA Merck (CC050) 

Bovine serum albumin (BSA) ELISA Sigma-Aldrich (A7030) 

TypeOneTM Restriction Inhibitor Transformation by electroporation Lucigen (192000) 

PCRBIO HiFi Polymerase PCR PCR Biosystems (PB10.41) 

Marker   

PageRuler™ Plus Prestained Protein Ladder SDS-PAGE and WB Thermo Scientific (26619) 

Quick-Load® 1 kb DNA Ladder Agarose gel electrophoresis NEB (N0468) 

Quick-Load® 100 bp DNA Ladder Agarose gel electrophoresis NEB (N0551) 
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2.5.  Reagent kits 

Table 6. Overview of reagent kits used in this work. 

Kit Application Producer 

NucleoSpin® Plasmid Isolation of plasmid DNA Macherey-Nagel (740588) 

NucleoBond® Xtra Maxi Isolation of high yield plasmid DNA  Macherey-Nagel (740414) 

MagAttract® HMW DNA Kit Isolation of HMW gDNA Qiagen (67563) 

QIAquick® PCR Purification Kit Purification of amplified DNA fragments Qiagen (28106) 

MinElute Gel Extraction Kit Purification of amplified DNA from gels Qiagen (28604) 

Quant-iT™ PicoGreen™ dsDNA 

Assay-Kit 

Quantification of dsDNA Thermo Scientific (P11496) 

Luna® Universal qPCR Master Mix Detection and amplification of DNA NEB (M3003) 

Gibson Assembly® Master Mix Assembly of DNA fragments NEB (E2611) 

 

 

2.6.  Chemicals and substrates 

Table 7. Overview of chemicals and substrates used in this work.  

Chemical or substrate Producer 

Acetic acid  Sigma-Aldrich 

Acrylamid/Bisacrylamid (37.5:1) Roth 

Agarose Roth 

Ammonium Peroxydisulphate (APS) AppliChem 

Ampicillin (Amp) Roth 

Calcium chloride dihydrate (CaCl2.2H2O) Sigma-Aldrich 

Coomassie Brilliant Blue R-250 Destaining Bio-Rad 

Coomassie Brilliant Blue R-250 Staining Bio-Rad 

4′,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich 

Disodium phosphate heptahydrate (Na2HPO4.7H2O) Sigma-Aldrich 

Dulbecco’s phosphate buffered saline (PBS) Pan Biotech 

Ethanol (≥ 99.5 %) Roth 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 

Fluorescence mounting media Agilent-Dako 

Foetal calf serum (FCS) Sigma-Aldrich 

Gelatine sepharose-4B GE Healtcare 

Gentamycin (Gen) Gibco 

Glutaraldehyde Electron Microscopy Sciences 
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Table 7. Overview of chemicals and substrates used in this work. Continued. 

Glycerol Roth 

Glycine Sigma-Aldrich 

HEPES Sigma-Aldrich 

Hydrogen chloride (HCl) Sigma-Aldrich 

Kanamycin (Kan) MP Biomedicals 

Laemmli sample buffer (2X) Sigma-Aldrich 

Luria/Miller (LB) Agar  Roth 

LB medium Roth 

Methanol Roth 

Midori Green Direct Nippon Genetics 

Milk powder Heirler Frema Reform 

Nuclease-free H2O Thermo Scientific 

Paraformaldehyde (PFA) Electron Microscopy Sciences 

Polyethylene glycol (PEG) 6000 Roth 

2-propanol Sigma-Aldrich 

Rabbit blood Acile AG 

RPMI-1640  PAN-Biotech 

Schneider’s Drosophila Medium Serva 

SOC Outgrowth Medium NEB 

Sodium bicarbonate (NaHCO3) Sigma-Aldrich 

Sodium chloride (NaCl) Sigma-Aldrich 

Sodium dihydrogen phosphate monohydrate (NaH2PO4.H2O) Sigma-Aldrich 

Sodium dodecyl sulphate (SDS) Roth 

Sodium hydroxide (NaOH) VWR 

Sodium pyruvate Sigma-Aldrich 

Spectinomycin (Spec) Sigma-Aldrich 

Sucrose Sigma-Aldrich 

SuperSignal West Pico PLUS Luminol/Enhancer Thermo Scientific  

SuperSignal West Pico PLUS Stable Peroxide Thermo Scientific 

N,N,N’,N’-Tetramethylethane-1,2-diamine (TEMED) Roth 

3,3′,5,5′-tetramethylbenzidine liquid substrate (TMB) Sigma-Aldrich 

Tris(hydroxymethyl)-aminomethane (Tris) Applichem 

Tween 20 Roth 
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2.7.  Equipment and consumables 

Table 8. Overview of equipment used in this work. 

Agarose gel electrophoresis Producer 

Gel casters Bio-Rad 

Horizontal electrophoresis chambers Bio-Rad 

Power supply EV265 Consort 

Gel imaging system FastGene FAS V Nippon Genetics 

SDS-PAGE  

Vertical electrophoresis chambers Mini-PROTEAN System Bio-Rad 

Power supply PowerPacTM Basic Bio-Rad 

Combs, gel casters, short and spacer glass plates  Bio-Rad 

Western Blotting  

Trans-Blot® TurboTM Transfer System Bio-Rad 

Gel imaging ChemiDOC XRS+ system Bio-Rad 

Pipettes  

Single Channel pipettes Gilson 

Multichannel Research Plus pipette Eppendorf 

Pipetus® Hirschmann-Laborgeräte 

Analytic scales  

Kern 572 Kern 

Kern PNJ Kern 

Centrifuges  

Heraeus BiofugeTM StratosTM centrifuge Thermo Scientific 

Centrifuge 5430 R Eppendorf 

MiniSpin® Eppendorf 

Mini centrifuge ROTILABO®  Roth 

Microscopes  

Axio Imager 2 microscope with Spot RT3 camera Zeiss and Diagnostic Instruments Inc. 

Eclipse Ti microscope Nikon 

Incubators  

CH-4103 Bottmingen Incubator Shaker Infors HT 

Minitron CO2 Incubator Shaker Infors HT 

Heraeus BBD 6220 CO2 Incubator Thermo Scientific 

Shaking devices  

Unimax 2010 Heidolph 

Rocking platform Rocky® LTF Labortechnik 

Rotator roller mixer SRT9D Stuart 
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Table 8. Overview of equipment used in this work. Continued. 

Other equipment  

Thermomixer Comfort Eppendorf 

Water bath WNB45 Memmert 

pH-meter 654 Metrohm 

Gene Pulser® II and Pulse Controller Plus Bio-Rad 

Microplate Sunrise-Basic™ reader Tecan 

Microplate Infinite® 200 Tecan 

HERAsafe KS 18 Class II Safety Cabinet Thermo Scientific 

T3000 Thermocycler Biometra 

NanoPhotometer® P300 with Pearl Submicroliter Cell Implen 

LightCycler® 480 II Roche 

 

Table 9. Overview of consumables used in this work. 

Consumable Producer 

NuncTM EasYFlaskTM 25 cm2 Thermo Scientific 

Bio-One Round Bottom Polypropylene Culture Tube Greiner 

Centrifuge tubes (15 and 50 ml) Greiner 

Nunc Maxisorp flat-bottom 96-wells (ELISA) Thermo Scientific 

Inoculation loops  Greiner 

SAPPHIRE microplate 96-wells (qPCR)  Greiner 

CELLSTAR® serological pipettes (5, 10, 25, and 50 ml) Greiner 

Cotton swabs Süsse Labortechnik 

WhatmanTM Gel Blot Paper GE Healthcare 

AmershamTM Protran® 0.2 µm NC nitrocellulose membrane Cytiva 

Cryovials (2 ml) Biozym 

SafeSeal reaction tubes (1.5 and 2 ml) SARSTEDT 

PCR SingleCap 8er-SoftStrips Biozym 

Nalgene Syringe filter Nylon (0.2 µm) Thermo Scientific 

Bottle-top vacuum filter (0.22 μm) Corning 

Coverslips (IFM) Roth 

Microscopy slides StarFrost® KNITTEL 

Electroporation cuvettes (0.2 cm-gap) Bio-Rad 

Cuvettes (polystyrol) SARSTEDT 

Petri dishes Greiner 

Poly-Prep® Chromatography Columns Bio-Rad 
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2.8.  Software and bioinformatic tools 

Table 10. Overview of software and bioinformatic tools used in this work. 

Software/tool Application* Source 

NCBI Prokaryotic Genome 

Annotation Pipeline (PGAP) 

Annotation of genome sequences [132] 

Rapid Annotation Subsystem 

Technology Tool kit (RASTtk) 

Annotation of genome sequences [133, 134] 

Minimap2 Alignment of PacBio reads to genome sequences  [135] 

Geneious Prime v2020.0.5 Alignment of PacBio reads to genome sequences using 

Minimap2 

Dotmatics 

progressiveMAUVE Alignment of homologous regions in genome sequences [136, 137] 

JSpecies Web Server Genome comparison as per average nucleotide identity 

(ANI) 

[138, 139] 

Phage Search Tool Enhanced 

Release (PHASTER) 

Prediction of prophage sequences in genome sequences [140, 141] 

VisiView v2.0.5 Analysis of IFM images Visitron Systems

NIS-Elements BR v4.30.02 Analysis of DAPI-stained images Nikon 

Magellan v6  Measurement of ELISA colorimetric absorbance  Tecan 

LightCycler® 480 v1.5.0 Analysis of qPCR measurements Roche 

ImageLab V6.0.1. Analysis of WB images Bio-Rad 

HHpred Prediction of remote homologues using  

PDB and pfam-A databases 

[142–145] 

Quick2D Prediction of structural motifs in the BadA protein 

sequence 

[146–148] 

ClustalΩ Alignment of BadA domain protein sequences [144] 

Expasy  

molecular mass (MW) tool  

Prediction of the MW for protein sequences Expasy (SIB) 

NEB Tm calculator Prediction of PCR annealing temperature NEB 

daTAA-server Prediction of BadA domain protein structures [102] 

Cluster analysis of sequences 

(CLANS) 

Prediction of pairwise BadA domain similarity [149] 

SnapGene General analysis of genomes, genes, proteins, and 

in silico cloning steps 

GSL Biotech 

Photoshop CS6 Measurement of BadA fibre lengths Adobe 

GraphPad Prism v7.04 Statistical analysis  Dotmatics 

Mendeley Reference management Elsevier 

*All software and tools were run on default parameters unless noted otherwise. 
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2.9.  Buffers and bacterial growth media 

Table 11. Overview of buffers and solutions used in this work. 

Buffer/solution Components 

SDS-PAGE running buffer (5X) 50 mM Tris 

384 mM glycine 

0.1 % (w/v) SDS 

in dH2O  

SDS-PAGE resolving gel (8 %) 1.3 ml Acrylamid/Bisacrylamid (37.5:1) 

1.3 ml 1.5 M Tris-HCl (pH 8.8) 

50 µl 10 % (w/v) SDS 

50 µl 10 % (w/v) APS 

3 µl TEMED 

2.3 ml dH2O 

SDS-PAGE stacking gel 335 µl Acrylamid/Bisacrylamid (37.5:1) 

250 µl 0.5 M Tris-HCl (pH 6.8) 

20 µl 10 % (w/v) SDS 

20 µl 10 % (w/v) APS 

2 µl TEMED 

1.4 ml dH2O 

Towbin transfer buffer (10X) 25 mM Tris 

192 mM glycine 

in dH2O 

Towbin transfer buffer (1X) 100 ml Towbin transfer buffer (10X) 

200 ml cold methanol 

700 ml dH2O 

WB washing buffer (10X) 10 mM Tris-HCl (pH 7.4) 

150 mM NaCl 

0.5 % (v/v) Tween 20 

in dH2O 

WB blocking buffer 5 % (w/v) milk powder 

in WB washing buffer (1X with dH2O) 

TAE buffer (50X) 2 M Tris (pH 8) 

50 mM EDTA 

1 M acetic acid 

in dH2O 

ELISA washing buffer 0.05 % (v/v) Tween 20 

in PBS (1X) 

ELISA blocking buffer 2 % (w/v) BSA 

in ELISA washing buffer 

Phosphate Buffer (200 mM)  2.022 g Na2HPO4.7H2O 

0.339 g NaH2PO4.H2O 

in 50 ml dH2O (pH 7.4) and filter sterilised (0.2 µm) 
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Table 12. Overview of bacterial growth media used in this work. 

Growth medium Components 

LB agar medium 40 g of premade mixture in 1 L dH2O (autoclaved) 

LB medium 25 g of premade mixture in 1 L dH2O (autoclaved) 

BALI medium 24.45 g Schneider’s Drosophila Medium  

50 g sucrose 

0.79 g CaCl2.2H2O 

0.4 g NaHCO3 

in 1 L dH2O (pH 6.5 NaOH) 

filter sterilised (0.2 µm) 

100 ml heat-inactivated (fibronectin-depleted) FCS 

Recovery medium (1 ml) 10 µl HEPES buffer 

10 µl sodium pyruvate 

50 µl FCS 

50 µl rabbit blood lysate 

in 880 µl RPMI-1640 and filter sterilised (0.2 µm) 

Columbia agar with 5 % (v/v) sheep blood) Becton-Dickinson 

 

Fibronectin-depleted FCS was prepared by incubating heat-inactivated (30 min at 56 °C) FCS 

with PBS-washed gelatine sepharose-4B overnight at 4°C while gently shaking. Fibronectin-

bound gelatine sepharose-4B was subsequently removed using Poly-Prep® Chromatography 

columns and filter-sterilised fibronectin-depleted FCS aliquots were stored at -20 °C. Rabbit 

blood lysate was prepared by incubating rabbit blood in cold dH2O (1:4) for 10 min at room 

temperature (RT) while gently shaking. After centrifugation at 3500 x g for 10 min at 4 °C, 

supernatant was filter sterilised and aliquots were stored at -20 °C. 

 

2.10. Bacterial growth conditions 

2.10.1. Cultivation and handling of B. henselae 

B. henselae strains were cultivated in Bartonella liquid (BALI) medium while shaking at 

120 rotations per minute (rpm) for 3 days or on Columbia blood agar (CBA) plates for 5 days, 

both in a humidified atmosphere at 37 °C with 5 % CO2. Liquid medium cultures were 

inoculated with B. henselae (ca. 1.5 x 107 bacteria/ml) from cryostocks or with cultivated 

B. henselae from CBA agar plates. Fibronectin-depleted FCS was used in BALI medium for 

the cultivation of B. henselae strains that were implemented in fibronectin binding experiments. 

In case of transformed B. henselae strains (Table 1 and Table 2), required selection markers 

(Kan and Gen) were equally distributed on the CBA plates or added to the BALI medium before 
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inoculation. Single colonies of CBA-cultivated B. henselae strains were collected after 14 days 

of incubation.  

Cultivated B. henselae strains used in experiments were collected either from CBA plates 

using cotton swabs or from BALI medium by centrifugation at 3,500 x g for 10 minutes (min) 

at 4 °C. Bacteria are washed three times by centrifugation in PBS and the approximate 

bacterial number is determined via optical density (OD) measurements at a wavelength of 

600 nm (OD600) in disposable cuvettes on a NanoPhotometer® P300. An OD600 of 1 

corresponds with a bacterial number of ca. 5 x 108 per ml.  

To prepare cryostocks, bacteria were cultivated, collected, washed in LB medium, and stored 

at -80 °C in LB medium supplemented with 20 % glycerol. To determine the bacterial number, 

serial dilutions of cryostock B. henselae strains were cultivated on CBA plates and resulting 

colony forming units were counted.  

 

2.10.2. Cultivation of E. coli 

E. coli cultures were inoculated with strains from cryostocks or with cultivated single colonies 

from LB agar plates. E. coli strains were cultivated overnight at 37 °C in LB medium while 

shaking (180 rpm) or on LB agar plates. In case of transformed E. coli strains (Table 1 and 

Table 2), required selection markers (Kan, Gen, Spec, and Amp) were equally distributed on 

the LB agar plates or added to the LB medium before inoculation. Cryostocks were prepared 

in LB medium supplemented with 20 % glycerol and stored at -80 °C. 

 

2.11. Molecular biological methods 

2.11.1. Isolation of vector DNA 

Vector DNA was isolated from LB medium-cultivated E. coli (10 ml) using a NucleoSpin® 

plasmid kit following the manufacturer’s guidelines for low-copy plasmids. The elution step was 

performed at 70 °C and with an elution volume of 30 µl.  

To obtain a higher yield and concentration for transformations steps, vector DNA was isolated 

from LB medium-cultivated E. coli (600 ml) using a NucleoBond® Xtra Maxikit following the 

manufacturer’s guidelines for low-copy plasmids. The overnight E. coli culture (600 ml) was 

inoculated by adding 600 µl of a small starter culture (5 ml). The volumes of the resuspension 

buffer, lysis buffer, and neutralisation buffer were increased (40-45 ml) according to the OD600 

of the overnight E. coli culture. Eluted vector DNA was precipitated by the addition of room-
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temperature 2-propanol and subsequent centrifugation at 10,000 x g for 45 min at 4 °C. 

Precipitated vector DNA was washed with room-temperature ethanol (70 %) at 10,000 x g for 

10 min at RT. Air-dried vector DNA was resuspended in 150 µl nuclease-free H2O and stored 

at 4 °C. Final concentrations of isolated vector DNA (1 µl) were measured on a 

NanoPhotometer® P300 using a Pearl Submicroliter Cell.  

 

2.11.2. Isolation of genomic DNA 

gDNA was isolated from BALI medium-cultivated B. henselae strains by boiling at 95 °C for 

15 min in nuclease-free H2O. After centrifugation at 10,000 x g for 5 min at 4 °C, gDNA was 

resuspended in 250 µl nuclease-free H2O. High molecular weight (HMW) gDNA was isolated 

from BALI medium-cultivated B. henselae strains with an OD600 of 4 using a MagAttract® HMW 

DNA Kit following the manufacturer’s guidelines. To obtain higher concentrations, isolated 

HMW gDNA was eluted with 150 µl of elution buffer. To obtain higher yields, a second elution 

step was performed with a volume of 100 µl and pooled with the first elution. Amplified DNA 

fragments were purified from PCR reaction mixtures using a QIAquick® PCR Purification Kit 

following the manufacturer’s guidelines. Amplified DNA fragments were purified from sliced 

agarose gel pieces using a MinElute Gel Extraction Kit via centrifuge processing following the 

manufacturer’s guidelines. Final concentrations of isolated gDNA were measured on a 

NanoPhotometer® P300 using a Pearl Submicroliter Cell. The concentration of isolated HMW 

gDNA was measured using a Quant-iT™ PicoGreen™ dsDNA Assay Kit following the 

manufacturer’s guidelines. 

 

2.11.3. Amplification of DNA by polymerase chain reaction 

DNA fragments from both gDNA and vector DNA were amplified in vitro by PCR using a HiFi 

Polymerase following the manufacturer’s guidelines. The general PCR reaction mixture and 

PCR cycle protocol are given in Table 13 and Table 14, respectively. PCR reaction mixtures 

with a total volume of 50 µl were prepared on ice and centrifuged shortly to avoid bubbles. The 

annealing temperature of the PCR cycle protocol depends on the used primers and was 

calculated using the NEB Tm calculator software. The extension time depends on type of 

polymerase and the size (bp) of the amplified DNA fragment. In case of colony PCR, LB agar-

cultivated E. coli single colonies were collected with an inoculation loop and added directly to 

the PCR mixture as template DNA.   
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Table 13. Overview of the general PCR reaction mixture. 

PCR mixture component Volume per PCR-reaction (µl) 

PCRBIO reaction buffer (5X) 10 

Forward primer (10 µM) 2 

Reverse primer (10 µM) 2 

Template DNA (< 100 ng) 2 

PCRBIO HiFi polymerase (2 U/µl) 0.5 

Nuclease-free H2O 33.5 

 

Table 14. Overview of the general PCR cycle protocol. 

PCR step Temperature (°C) Time Number of cycles 

Initial denaturation 95 10 min 1 

Denaturation 95 15 sec 

30 Annealing 55-65 30 sec 

Extension 72 30 sec per kb 

Final extension 72 10 min 1 

Cooling 12 ∞ 1 

 

To amplify DNA fragments with primers that create overhangs, a two-step PCR cycle protocol 

was used in which the annealing temperature in the first 10 cycles was calculated using the 

part of the primer protein sequence that anneals to the template DNA. The annealing 

temperature in the subsequent 20 cycles was adjusted according to the complete primer 

protein sequence. To amplify the B. henselae 18-bp repeat regions, only 22 cycles for 

denaturation, annealing, and extension were used (Figure 6).  

 

2.11.4. Amplification of DNA by real-time polymerase chain reaction 

To quantify the B. henselae bacterial number, quantitative real-time PCR (qPCR) was 

performed using a Luna Universal qPCR Master Mix following the manufacturer’s guidelines. 

The qPCR reaction mixture and qPCR cycle protocol are given in Table 15 and Table 16, 

respectively. qPCR reaction mixtures with a total volume of 20 µl were prepared on ice and 

centrifuged shortly to avoid bubbles. B. henselae strains were washed by centrifugation in 

nuclease-free water and added directly to the PCR mixture as template DNA. Logarithmic 

numbers of gene copy equivalents were calculated via an internal standard by amplifying a 

fragment (120 bp) of the housekeeping gene glyA (serine hydroxymethyltransferase) cloned 

in the pCR™2.1-TOPO® vector [150]. 
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Table 15. Overview of the qPCR reaction mixture. 

PCR mixture component Volume per PCR-reaction (µl) 

Luna Universal qPCR Master Mix (2X) 10 

Forward primer (10 µM) 0.5 

Reverse primer (10 µM) 0.5 

Template DNA (< 100 ng) 5 

Nuclease-free H2O 4 

 

Table 16. Overview of the qPCR cycle protocol including the melt curve. 

PCR step Temperature (°C) Time Number of cycles 

Initial denaturation 95 15 min 1 

Denaturation 95 15 sec 

40 Annealing 57 20 sec 

Extension 60 30 sec 

Melt curve 60 to 90 various 1 

 

 

2.11.5. Agarose gel electrophoresis 

Amplified DNA fragments were size-separated by electrophoresis on a 1 % (w/v) agarose gel 

in TAE buffer (1X) for ca. 40 min at 85 V. Agarose was dissolved in TAE buffer (1X) at high 

temperatures, cooled down for 10 min at RT, and poured in gel casters to polymerise. Amplified 

DNA fragments and Quick-Load® 1 kb or 100 bp DNA ladders were mixed (1:10) with Midori 

Green Direct DNA dyes and pipetted in the pockets of the agarose gel. Size-separated DNA 

fragments were imaged by fluorescent lightning at a wavelength of 470-520 nm on a FastGene 

FAS V system. 

 

2.11.6. Ligation of DNA fragments 

Multiple amplified DNA fragments with overlapping ends were assembled via Gibson 

Assembly® technology for 30 min at 50 °C using three enzymes (5’-exonuclease, 

DNA polymerase, and DNA ligase) included in the Gibson Assembly® Master Mix. The required 

amount of pmols of each amplified DNA fragment was calculated based on DNA length and 

DNA mass. For each cloning step, 75 ng of amplified vector DNA was mixed with a 3- or 5-fold 

molar excess of amplified insert DNA, nuclease-free H2O, and the Gibson Assembly® Master 

Mix (20 µl). 
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2.11.7. Heat-shock transformation of E. coli 

Chemically competent Escherichia coli DH5α were transformed by heat-shock transformation 

following the manufacturer’s guidelines. Bacteria were thawed on ice and 2 µl of assembled 

DNA product was added. After incubating on ice for 30 min, the mixture was heat shocked for 

30 seconds (sec) at 42 °C in a warm water bath and immediately placed back on ice for 2 min. 

Heat-shocked E. coli DH5α were incubated in 1 ml of SOC medium for 1 h at 37 °C while 

shaking (250 rpm) and subsequently cultivated on LB agar supplemented with the required 

selection markers.  

 

2.11.8. Electroporation of B. henselae 

B. henselae strains were transformed by electroporation following a previously described 

protocol [126, 128]. B. henselae strains were cultivated on CBA plates and collected via cotton 

swabs in BALI medium. Electrocompetent B. henselae were prepared by washing three times 

with ice-cold 10 % glycerol in dH2O by centrifugation. Ca. 1 x 1010 of electrocompetent 

B. henselae cells were mixed with 10 µg of purified vector DNA and 1 µl of TypeOne™ 

restriction inhibitor in pre-cooled electroporation cuvettes and incubated on ice for 15 min. After 

electroporation at 2.5 kV, 200 Ω, and 25 µF, samples were incubated in 1 ml of RT-recovery 

medium for 4 h at 37 °C in a humidified atmosphere with 5 % CO2 while shaking (120 rpm). 

Transformed bacteria were subsequently incubated on CBA plates supplemented with the 

required selection markers. 

 

2.11.9. Sanger sequencing and Pacbio sequencing 

Short-read sequencing of isolated and purified DNA fragments was done via Sanger 

sequencing and performed by Microsynth Seqlab (Göttingen, Germany). Long-read 

sequencing of isolated and purified HMW gDNA was done via Pacific Biosciences (PacBio) 

single-molecule real-time (SMRT) sequencing and performed by the Norwegian Sequencing 

Centre, a national technology platform hosted by the University of Oslo, Norway. In short, HMW 

gDNA was sheared to ca. 10-12 kb fragments with g-TUBEs (Covaris) and the sequencing 

library was prepared following the PacBio protocol for SMRTbell™ libraries using PacBio® 

Barcoded Adapters for multiplex SMR® Sequencing. Library samples were size selected using 

0.45x AMPure PB beads and sequenced in a single run with a movie and pre-extension time 

of 20 h and 4 h, respectively, on a PacBio Sequel instrument using v3.0 sequencing chemistry, 

Sequel polymerase v3.0, and an SMRT cell v3 LR tray. Reads were demultiplexed using a 

Barcoding pipeline on SMRT Link Analysis Services (v5.1.0.26412 and GUI v5.1.0.26411) with 



Materials and Methods   26 
 

a barcode score of ≥ 26. De novo genome assembly was performed using the HGAP 4 pipeline 

via SMRT Link Analysis Services (v6.0.0.47841) with an expected genome size of 2 Mbp, 

resulting in single contigs. Circular consensus sequences (CCS) reads were computed for the 

demultiplexed dataset with ≤ 1 as a number of passes and ≤ 0.9 as predicted accuracy 

 

2.12. Protein biochemical methods 

2.12.1. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

Bacterial proteins were separated based on MW via electrophoresis on an 8 % sodium dodecyl 

sulphate (SDS)-polyacrylamide gel. The resolving and stacking gel solutions were prepared 

as described in Table 11 and consecutively casted between a short glass plate and a spacer 

glass plate. Immediately after casting the resolving gel, 2-propanol was added on top of the 

resolving gel to avoid bubbles and was removed again after solidification of the gel. The 

stacking gel was casted on top of the solidified resolving gel and a comb was placed 

afterwards. Casted gels were placed in a vertical electrophoresis chamber and filled with SDS-

polyacrylamide gel electrophoresis (PAGE) running buffer (1X). 

Cultivated bacteria were washed three times by centrifugation in PBS, diluted to an OD600 of 1, 

incubated for 10 min at 98 °C in Laemmli sample buffer (1:1), and pipetted in the pockets of 

the SDS-PAGE gel. Bacterial proteins were first concentrated in the stacking gel for ca. 10 min 

by a constant current of 15 mA/gel after which the current was increased to 30 mA/gel until the 

bromophenol blue buffer front had completely migrated through the gel. A pre-stained protein 

ladder (10-250 kDa) was used as marker. After electrophoresis, certain SDS-PAGE gels were 

stained overnight in a Coomassie Brilliant Blue R-250 staining solution, destained by several 

washes in Coomassie Brilliant Blue R-250 destaining solution, and imaged on a ChemiDOC 

XRS+ system. 

 

2.12.2. Western blotting 

Bacterial proteins that were separated by SDS-PAGE were transferred to a nitrocellulose 

membrane (0.2 µm) by semi-dry Western blotting (WB) for 30 min at 25 V in Towbin transfer 

buffer (1X) between three layers of WhatmanTM blot paper. Free binding places on the blotted 

nitrocellulose membranes were blocked with WB blocking buffer for 2 h at RT while gently 

shaking. After blocking, nitrocellulose membranes were incubated with primary antibodies 

diluted in WB blocking buffer overnight at 4 °C while gently shaking. Nitrocellulose membranes 

were washed three times for 5 min with WB washing buffer (1X) and incubated with secondary 
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antibody diluted in WB blocking buffer for 2 h at RT while gently shaking. After three washes 

in WB washing buffer (1X), nitrocellulose membranes were incubated with SuperSignal West 

Pico PLUS Chemiluminescent Substrates for 5 min at RT and subsequently imaged on a 

ChemiDOC XRS+ system with ImageLab software using different exposure times.  

 

2.12.3. Isolation of BadA proteins 

To isolate BadA proteins from the bacterial surface, BALI medium-cultivated B. henselae 

Marseille were vortexed thoroughly for 5 min and separated by centrifugation at 6,000 x g for 

15 min at 4 °C. BadA and other large proteins were precipitated by incubating the supernatant 

with 20 % (w/v) PEG 6000 in dH2O overnight at 4 °C while gently shaking and subsequently 

collected by centrifugation at 10,000 x g for 1 h at 4 °C. Isolated BadA and other large proteins 

were further separated by SDS-PAGE in a large single-pocket without preparative heating 

(see 2.12.1). Coomassie Brilliant Blue R-250 stained BadA proteins were precisely sliced from 

the top of the SDS-PAGE stacking gel and used as antigen (ca. 75 µg/injection) for the 

generation of rabbit anti-BadA antibodies (performed by Eurogentec). 

Excised gel fragments were analysed by mass spectrometry (MS) to check for isolated BadA 

proteins. MS and preparative steps were performed by Sounak Chowdhury, PhD, from Lund 

University, Sweden (Suppl. Figure 1). In short, Coomassie Brilliant Blue R-250 stained 

SDS-PAGE gel fragments were first cut into small pieces and proteins were denatured by 

incubation in urea (8 M) and ammonium (100 mM) bicarbonate. Tris(2-carboxyethyl)phosphine 

hydrochloride (5 mM) was added to reduce the amount of disulphide bonds and samples were 

incubated in iodoacetamide (10 mM) for alkylation in a dark room. Samples were further diluted 

in ammonium bicarbonate (100 mM) after which sequencing-grade trypsin (0.5 mg/ml) was 

added to digest the proteins. Resulting peptides were analysed on a Q Exactive HF-X 

Quadrupole-Orbitrap Mass Spectrometer connected to an Easy-nLC 1200 System. 
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2.13. Immunological methods 

2.13.1. Purification of antibodies by pre-adsorption  

Generated rabbit anti-BadA antibodies were further purified by pre-adsorption to reduce 

unspecific background reactions in WB and microscopy imaging. In short, BALI medium-

cultivated B. henselae Marseille ∆BadA-T were washed in PBS by centrifugation and 

ca. 5 x 108 pelleted bacteria were resuspended in and incubated with 100 µl of 

anti-BadA antibodies for 2 h at RT while shaking (900 rpm). Anti-BadA antibodies were 

subsequently isolated in the supernatant by centrifugation at 10,000 x g for 30 min.  

 

2.13.2. ELISA 

The ability of B. henselae to bind immobilised human plasma fibronectin or human collagen-I 

was assessed via enzyme-linked immunosorbent assays (ELISA) using anti-B. henselae 

antibodies. Nunc Maxisorp flat-bottom 96-wells were coated with 1 µg of fibronectin or 

collagen-I in 100 µl PBS overnight at 4 °C and subsequently blocked with 200 µl ELISA 

blocking buffer for 2 h at 37 °C. 

BALI medium-cultivated B. henselae were washed three times with PBS by centrifugation and 

ca. 2.5 x 107 bacterial cells/well were added and incubated for 2 h at 37 °C. Bound bacteria 

were first incubated with 100 µl primary anti-B. henselae antibodies (1:1,000) and afterwards 

with 100 µl secondary HRP-conjugated swine anti-rabbit antibodies (1:2,000), both for 1 h at 

RT. Between each incubation step, unbound bacteria and antibodies were removed by three 

consecutive washes with 300 µl ELISA washing buffer. During each incubation step a 

protective seal was used to avoid evaporation. Assays were developed by incubation with 

100 µl TMB liquid substrate for 1 min at RT and the reaction was stopped by the addition of 

100 µl HCl (1 M). Colorimetric absorbance was measured on a microplate Sunrise-Basic™ 

reader at a wavelength of 450 nm. Assays were done in triplicate and negative controls include 

samples without the addition of bacteria or without prior fibronectin coating. 

 

2.13.3. Antibody inhibition ELISA 

The ability of anti-BadA-DALL antibodies to inhibit the binding of B. henselae S27 to human 

plasma fibronectin was assessed via ELISA using anti-fibronectin antibodies. BALI medium-

cultivated B. henselae Marseille ∆BadA-T and S27 were washed three times with PBS by 

centrifugation and Nunc Maxisorp flat-bottom 96-wells were coated with ca. 5 x 107 bacteria in 

PBS overnight at 4 °C. Coated wells were blocked with 200 µl ELISA blocking buffer for 2 h at 
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37 °C and incubated with 100 µl of a specific dilution of anti-BadA-DALL antibodies in ELISA 

blocking buffer (0 µg/ml, 1 µg/ml, 10 µg/ml, or 100 µg/ml) for 1.5 h at 37 °C. Anti-BadA 

antibodies were similarly diluted and used as positive control. Afterwards, coated wells were 

incubated with 1 µg of human plasma fibronectin in 100 µl PBS for 1.5 h at 37 °C. Bound 

fibronectin was first incubated with 100 µl primary anti-fibronectin antibodies (1:1,000) and 

afterwards with 100 µl secondary HRP-conjugated goat anti-mouse antibodies (1:1,000), both 

for 1 h at RT. Assays were developed by incubation with 100 µl TMB liquid substrate for 1 min 

at RT and the reaction was stopped by the addition of 100 µl HCl (1 M). Colorimetric 

absorbance was measured on a microplate Sunrise-Basic™ reader at a wavelength of 450 nm. 

Assays were done in quintuplicates and negative controls include samples without the addition 

of fibronectin or without prior bacterial coating. 

 

2.14.  Microscopy 

2.14.1. Immunofluorescence microscopy 

The presence of BadA on the surface of B. henselae strains was assessed via 

immunofluorescence microscopy (IFM) using anti-BadA antibodies. BALI medium-cultivated 

B. henselae were washed three times by centrifugation in PBS, diluted to an 

OD600 of 1, air-dried on glass microscopy slides, and fixed with 40 µl 3.75 % (w/v) PFA for 

10 min at 4 °C. Fixed bacteria were first incubated with 40 µl of primary anti-BadA antibodies 

in PBS (1:400) and afterwards with 40 µl secondary Alexa 488-conjugated goat anti-rabbit 

antibodies in PBS (1:200), both for 1 h at RT. Bacterial DNA was stained with a 40 µl DAPI 

solution in PBS (1 µg/ml) for 10 min at 4 °C. All incubation steps were performed in a humid 

chamber and followed by three washes with 25 ml PBS using serological pipettes. Microscopy 

slides were mounted by coverslips with fluorescence mounting media, air-dried overnight in 

dark chamber at RT, and sealed with nail polish. Prepared cover slips were imaged on an Axio 

Imager 2 microscope with a 63x objective (glycerol) and an exposure time of 50 ms and 

analysed using VisiView software. 

In addition, the ability of the different B. henselae Marseille ∆BadA-T mutant strains, each 

expressing a truncated and modified badA gene, to bind immobilised human plasma 

fibronectin was assessed via IFM. Bacteria were processed as described in section 2.13.2 and 

fibronectin-bound bacteria were subsequently incubated with a 100 µl DAPI solution in PBS 

(1 µg/ml) for 15 min at RT and washed with ELISA washing buffer. Fibronectin-bound DAPI-

stained bacteria (in PBS) were analysed via IFM on a Nikon Eclipse Ti microscope with a 20x 

objective and an exposure time of 4 sec using NIS-Elements BR software.  
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2.14.2. Confocal laser scanning microscopy 

The presence of BadA on the surface of B. henselae Marseille ∆BadA-T mutant strains was 

assessed via confocal laser scanning microscopy (CLSM) using anti-BadA antibodies. 

Bacterial samples were processed similarly as described in section 2.14.1. Prepared cover 

slips were imaged on a Stellaris 8 System confocal microscope (Leica) using Las X software 

(v4.4.0). Samples were captured (65 % gain) with a 93x objective (glycerol) at an excitation 

and emission wavelength of 499 nm and 530-575 nm, respectively. CLSM images were 

adjusted in silico to a brightness of 50 % and a contrast of 10 %. CLSM imaging was performed 

by Daniela Bender, PhD, from the Paul-Ehrlich-Institut (Langen, Germany). 

 

2.14.3. Transmission electron microscopy 

The presence of BadA on the surface of B. henselae was assessed via transmission electron 

microscopy (TEM). BALI medium-cultivated B. henselae, inoculated by CBA plate-cultivated 

single colonies, were washed three times by centrifugation in PBS and fixed with 4 % PFA and 

2.5 % glutaraldehyde in phosphate buffer for 90 min at RT and stored at 4 °C. Subsequent 

sample preparation and TEM imaging was performed by Katharina Hipp, PhD, from the Max 

Planck Institute for Developmental Biology (Tübingen, Germany). 

Two different processing methods were used to obtain optimal visualisation of the BadA fibres. 

Accordingly, fixed samples were processed either by progressive lowering of temperature 

(PLT) in dimethylformamide (DMF) and embedding in Lowicryl K4M, or by high-pressure 

freezing (HPF) by freeze substitution (FS) and embedding in Epon.  

In case of PLT in DMF, fixed bacterial samples were washed twice in phosphate buffer by 

centrifugation (1,000 x g), embedded in 12 % (w/v) melted (37 °C) gelatine (Merck), and 

subsequently cut into small cubes of ca. 1 mm3. After a second fixation in 1 % (v/v) 

glutaraldehyde for 5 min at 4 °C, cubes were dehydrated by gradually increasing DMF 

concentration from 30 % (v/v) in dH2O for 30 min at 0 °C, to 100 % (v/v) for 1.5 h at -35 °C. 

Afterwards, Lowicryl K4M was infiltrated at -35 °C and samples were polymerised by UV.  

In case of HPF/FS, fixed bacteria were cryo-fixed in cellulose capillaries in planchettes filled 

with 1-hexadecene in a high-pressure freezer (Compact 03, Wohlwend), freeze-substituted in 

a 2 % (w/v) osmium tetroxide/0.4 % (w/v) uranyl acetate solution in acetone, and subsequently 

embedded in Epon. Prepared samples were cut into ultrathin sections, stained with uranyl 

acetate and lead citrate, and analysed with a Tecnai Spirit electron microscope (Thermo Fisher 

Scientific) operated at 120 kV.  
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2.15. Statistics 

Statistical analyses were performed on Prism V7.04 software using one-way ANOVA and 

assuming parametric data distribution. 
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3. Results 

3.1.  Analysis of the B. henselae genome 

For the first part of this study and to characterise the difference in badA expression among 

various B. henselae strains, eight isolates with a passage number lower than 10 were selected 

from the laboratory’s strain collection (Table 1) and prepared for sequencing. The exact 

passage number of all strains before arriving in Frankfurt am Main, Germany, is unknown. 

B. henselae Marseille, ATCC49882T var-1, ATCC49882T var-2, Berlin-I, G-5436, and 

88-64 Oklahoma are isolates from human patients diagnosed with either CSD, HIV, or bacillary 

angiomatosis [29, 30, 80, 111, 121–123]. B. henselae FR96/BK38 and FR96/BK3 were 

originally collected from domestic cats [124, 125].  

 

3.1.1. Overview of the B. henselae genome sequencing parameters 

HMW input gDNA was isolated using magnetic beads and quality of the samples was verified 

via agarose gel electrophoresis and fluorescence absorption measurements (data not shown). 

The whole genome of eight B. henselae strains was determined via next-generation long-read 

PacBio SMRT sequencing and resulted in eight complete and single circular chromosomes. 

Library preparation, sequencing, initial quality control, and genome assembly was performed 

by the Norwegian Sequencing Centre.  

The Phred quality (Q) score of circular consensus sequences (CCS) reads reflects the 

probability of an incorrect base call. For example, a Q score of 20 (Q20) is equivalent to the 

probability of an incorrect base call of 1 in 100 times or a base call accuracy of 99 %. CCS 

reads consist of aligned subreads that are generated during a sequencing pass around a 

circular template. CCS reads of all strains, except for Marseille and ATCC49882T var-1, were 

filtered to have a score higher than Q20 and showed a Q score between Q32 (99.94 % 

accuracy) and Q34 (99.96 % accuracy). The unfiltered CCS reads of strains Marseille and 

ATCC49882T var-1 showed an average accuracy of 98.7 % and 98.9 %, respectively. In 

conclusion, the overall high base call accuracy provides the quality necessary to confidently 

analyse genomic differences between the studied B. henselae strains. More detailed 

information and additional sequencing data is given in Table 17. 
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Table 17. Long-read sequencing parameters of the B. henselae genomes (adapted from [127]).  

B. henselae 
strain 

Genome 
size (bp) 

Mean 
coveragea 

Number 
subreads 

Mean 
subread 
length (bp) 

N50 subread 
length (bp)b 

CCS reads 
(≥Q20)c 

CCS mean 
read length 
(≥Q20c, bp) 

Number 
predicted 
CDSs 

Marseille 1,906,759 802x 335,562 7,486 9,778 18,542 7,486 1,566 

ATCC49882T 
var-1 

1,955,459 1,113x 631,218 5,801 9,778 28,343 5,801 1,574 

ATCC49882T 

var-2 
1,931,585 651x 306,776 8,307 10,446 10,695 6,051 1,579 

Berlin-I 1,931,655 652x 238,737 9,695 10,446 9,490 7,440 1,584 

G-5436 1,963,796 629x 255,359 9,561 10,446 9,597 7,025 1,577 

88-64 
Oklahoma 

1,969,298 566x 215,349 9,663 10,446 8,300 7,157 1,610 

FR96/BK38 1,944,393 762x 371,120 8,161 10,446 12,787 8,792 1,561 

FR96/BK3  1,935,288 922x 356,346 9,460 10,446 13,834 7,089 1,571 
aTotal #bases/genome size, bfor entire SMRT cell, cno Q-filtered reads for strains Marseille and ATCC49882T var-1  

 

3.1.2. Overview of the general B. henselae genome organisation  

All analysed B. henselae genomes were oriented (sense) to start with the housekeeping gene 

gltA (citrate synthase) and show a consistent low GC-content of 38 %. B. henselae 

88-64 Oklahoma and Marseille demonstrate the largest (1.97 Mbp) and smallest (1.91 Mbp) 

genome size, respectively. Whole-genome comparison as per average nucleotide identity 

(ANI) resulted in a high pairwise sequence identity ranging from 98.57 % between FR96/BK38 

and FR96/BK3, to 99.99 % between Berlin-I and ATCC49882T var-2 (Table 18). Moreover, 

strains ATCC49882T var-1, ATCC49882T var-2, Berlin-I, G-5436, and 88-64 Oklahoma 

demonstrate a pairwise sequence identity of 99.92 % or higher. The GenBank accession 

numbers of the B. henselae strains are given in Table 1 and in the section Data availability.  

  



Results   34 
 

Table 18. Overview of the pairwise B. henselae genome sequence identity. The upper number 
shows the whole-genome comparison as per average nucleotide identity (%), while the number in 
parentheses shows the proportion of aligned nucleotides (%). A grey scale gradient from white to dark 
grey (low to high) visualizes the percentage of pairwise genome sequence identity (adapted from [127]). 

  

In more detail, most differentiations in genomic organisation among the different strains are 

present in the first ca. 400,000 bp as is visualised via a comparative genome alignment 

depicting homologous regions as similarly coloured blocks (Figure 2). Depending on the strain, 

the first ca. 400,000 bp region contains one or two potential prophage sequences and has 

been designated as a ‘type II secretion system island’ and predicted to consist of several phage 

genes [24, 32]. An additional ca. 60,000 bp large prophage region was identified in all strains 

(via PHASTER) and is located in a more conserved region (Marseille; nt start position 

1,530,422). 

From approximately nt position 400,000 on, the genomic backbone is highly collinear among 

all analysed B. henselae strains with the exception of a major inversion of two large adjacent 

regions (green and purple in Figure 2) in case of strains G-5436, 88-64 Oklahoma, and 

FR96/BK38. Both inversion breakpoints include a copy of the highly conserved tuf gene 

(elongation factor Tu; EF-Tu), flanked by either fusA (elongation factor G; EF-G) or genes 

encoding for ribosomal and transcription-related proteins. Both breakpoint regions showed a 

high sequencing coverage (via Minimap2) lowering the possibility of a faulty assembly. In 

conclusion, all strains show a similar genomic organisation except for a variable region of 

ca. 400,000 bp. Interestingly, a low similarity profile is observed at the position of badA, 

indicating a lower sequence similarity among the aligned B. henselae genomes. 

  

B. henselae 
strain 

Marseille ATCC49882T 
var-1 

ATCC49882T 
var-2 

Berlin-I G-5436 88-64 
Oklahoma 

FR96/BK38 FR96/BK3 

Marseille / 98.83 
(97.88) 

98.84 
(97.61) 

98.84 
(97.61) 

98.84 
(97.89) 

98.83 
(97.89) 

98.82 
(98.40) 

98.91 
(99.06) 

ATCC49882T 
var-1 

98.84 
(96.17) / 99.99 

(99.53) 
99.98 

(99.53) 
99.98 

(100.00) 
99.92 

(98.89) 
99.37 

(98.19) 
98.60 

(97.36) 
ATCC49882T 
var-2 

98.85 
(96.95) 

99.99 
(99.99) / 99.99 

(100.00) 
99.99 

(100.00) 
99.92 

(99.70) 
99.37 

(98.17) 
98.61 

(98.14) 

Berlin-I 98.85 
(96.94) 

99.98 
(99.99) 

99.99 
(100.00) / 99.99 

(100.00) 
99.92 

(99.70) 
99.37 

(98.17) 
98.62 

(98.14) 

G-5436 98.84 
(96.17) 

99.99 
(99.99) 

99.99 
(99.53) 

99.99 
(99.53) / 99.92 

(98.90) 
99.39 

(98.21) 
98.61 

(97.26) 
88-64 
Oklahoma 

98.83 
(96.31) 

99.92 
(99.96) 

99.92 
(99.72) 

99.92 
(99.72) 

99.92 
(99.97) / 99.39 

(97.23) 
98.60 

(98.38) 

FR96/BK38 98.82 
(96.99) 

99.38 
(98.45) 

99.38 
(97.98) 

99.38 
(97.98) 

99.39 
(98.45) 

99.40 
(97.45) / 98.58 

(97.46) 

FR96/BK3 98.89 
(97.75) 

98.60 
(97.74) 

98.61 
(97.40) 

98.61 
(97.40) 

98.60 
(97.74) 

98.60 
(97.75) 

98.57 
(97.58) / 
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Figure 2. Multiple genome alignment of the B. henselae strains (adapted from [127]). The alignment 
shows a conserved B. henselae genome with few differences mainly located in the first ca. 400,000 bp. 
Genomes are shown as a black line. Coloured blocks and vertical lines depict localised collinear regions 
of the genome that align to part of another genome, that are homologous, and that are internally free 
from major genomic rearrangements. Blocks above or below the horizontal line are in the same or 
reverse complement orientation, respectively, compared to the reference genome of B. henselae 
Marseille. Inside each block, a similarity profile of the genome sequence is drawn. The height of this 
profile corresponds to the average level of conservation in that particular region. Regions outside blocks 
or white areas lack detectable similarity and might contain sequence elements unique for that strain. 
Black arrows indicate the length, orientation, and position of the respective badA island. The upper scale 
depicts the genome size (bp). 
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3.1.3. Overview of the B. alsatica IBS 382 (CIP 105477) genome sequencing 
parameters 

Together with the eight B. henselae strains, an additional Bartonella alsatica strain IBS 382 

(CIP 105477) was analysed via next-generation long-read PacBio SMRT sequencing and 

resulted in a single circular genome with a size of 1.66 kb and a GC-content of 36.85 % [151]. 

A total of 14,153 CCS reads were filtered (≥ Q20) resulting in an average base call accuracy 

of 99.95% (Q33) with an average read length of 6,559 bp, a raw N50 read length of 7,814 bp, 

and a mean coverage of 1,503 times. The genome was likewise annotated via the NCBI PGAP 

and oriented (sense) to start with glyA. 

The genome of B. alsatica contains various pathogenicity factors also found in other Bartonella 

species, such as a badA-homologue (11,850 bp), the VirB/D4-locus, the Trw-locus, and an 

hbpA/pap31 gene. Moreover, the observed open reading frames (ORFs) flanking the badA-

homologue are highly similar to those identified in B. henselae, including an upstream badA 

pseudogene (4,383 bp). These observations match the former classification of B. alsatica in 

the Bartonella evolution lineage 4 [13]. 

 

3.2.  Analysis of the badA island and flanking regions 

The badA island of B. henselae is located within a conserved genomic region (purple in 

Figure 2), however a low similarity profile is observed at the location of the badA island 

(black arrow in Figure 2) indicating a higher sequence variability among the studied 

B. henselae strains. The observed sequence variability of the badA island might be due to the 

influence of flanking genes and/or their corresponding proteins. In addition, the functional role 

of the badA genomic neighbourhood on the regulation of badA expression remains unexplored. 

In that regard, a selection of interesting flanking ORFs of the badA island is given in the 

following two chapters. 

The badA island itself consists of the badA gene, four or five smaller ORFs, and one or two 

flanking badA pseudogenes depending on the B. henselae strain (Figure 3). Directly upstream 

of the badA gene, four or five shorter ORFs (≤ 462 bp) were identified, in which the ORF 

directly upstream of badA is predicted to produce a surface protein sharing homology with 

BadA. The genome annotation of the badA island and flanking regions was manually checked 

and modified in silico (Table 19). 
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Figure 3. Comparative genomic organisation of the badA island and flanking regions (adapted 
from [127]). All genomic islands are shown in the same orientation. The badA island is flanked up- and 
downstream by a conserved region in which some ORFs were identified to produce for example a 
phosphoenolpyruvate-protein phosphotransferase (red), a mobile genetic element (yellow), a remote 
homologue of the ComR transcriptional factor (pink), or an IalB homologue (purple). The badA 
pseudogene (blue) is highly conserved and the corresponding protein sequence displays the typical 
TAA organisation. A higher pairwise sequence variability is found among the different badA genes 
(green), where a premature stop codon is observed in strains ATCC49882T var-1 and Berlin-I. Strains 
ATCC49882T var-1, G-5436, and FR96/BK38 contain an exceptionally long interrupted ORF, designated 
as the badA-like domain region (orange). The corresponding protein sequence contains the 
characteristic C-terminal anchor domain and numerous repeated neck/stalk domains. Five strains 
include one or more unique 18-bp repeat regions (black) in their respective badA gene or in the badA-like 
domain region.
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3.2.1. Identification of the major genes upstream of the badA island 

The badA island is flanked upstream by a conserved region of ORFs in which remote 

homologues from the corresponding protein sequences were predicted using HHpred software 

(Suppl. Table 1). For example, a conserved transcriptional repressor gene (504 bp) is located 

23.5 kb upstream of the badA island and the corresponding protein sequence was predicted 

to be a remote homologue of a ferric uptake regulation protein (Fur) from Francisella tularensis, 

a Gram-negative gammaproteobacterium, or Rhizobium leguminosarum bv. viciae, a Gram-

negative alphaproteobacterium. Other conserved ORFs upstream of the badA island were 

identified as (i) an efflux resistance-nodulation-cell division transporter permease subunit 

(3,135 bp), (ii) a glucose-6-phosphate isomerase (1,665 bp), (iii) two serine transfer (t)RNAs 

(90 bp), (iv) two large subunit ribosomal proteins (477 and 270 bp, respectively), and (v) a 

phosphoenolpyruvate-protein phosphotransferase (ptsP; 2,505 bp). Among the studied 

strains, only B. henselae Marseille, FR96/BK38, and FR96/BK3 show a limited number (< 29) 

of point mutations in any of the above-mentioned ORFs compared to the consensus sequence.  

Closer to the badA island, an ORF (480 bp) was annotated as mobile genetic element (Figure 

3; yellow ORF). Strain FR96/BK3 displays a shorter version of this ORF (201 bp) due to a point 

mutation causing a premature stop codon. The corresponding aa-sequence was predicted as 

a protein of the AAA+ ATPase (ATPase associated with diverse cellular activities) superfamily 

involved in DNA transposition, recombination-dependent replication, and/or DNA damage 

repair. Identified remote homologues of this mobile genetic element that showed the highest 

probability scores were (i) the MuB transposition protein from the bacteriophage Mu [152], (ii) 

the transposon Tn7 transposition protein (tnsC) from E. coli [153], (iii) the RuvB-like protein 

from homo sapiens [154, 155], and (iv) the replication-associated recombination protein A from 

E. coli [156]. 

Directly upstream of the badA island, four ORFs were identified whose corresponding protein 

sequences were all predicted to be remote homologous of a competence regulator (ComR) 

transcriptional factor of Streptococcus vestibularis (Figure 3; pink ORFs). However, strain 

Marseille is characterised by a 1.2 kb deletion immediately downstream of the mobile genetic 

element and therefore contains only two ORFs that correspond to the first two ComR-like 

transcriptional factors identified in the other B. henselae strains. The ComR transcriptional 

factor is involved in the adaptive response contributing to gene expression and genome 

plasticity [157]. Additional corresponding aa-sequences of shorter ORFs present in the 

upstream region (ca. 15 kb) of the badA island were identified as proteins with unknown 

function or as remote homologues of (trans)membrane proteins and phage-related 

transcriptional regulators. 
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3.2.2. Identification of the major genes downstream of the badA island 

The region downstream of the badA island (ca. 15 kb) is likewise highly conserved among all 

studied B. henselae strains (Suppl. Table 2). Compared to the other B. henselae strains, minor 

genomic differences were observed in strains Marseille, FR96/BK3, and FR96/BK38 due to 

point mutations and the deletion and/or insertion of short DNA fragments (< 8 bp). Several 

corresponding proteins of annotated ORFs in that downstream region were identified as 

enzymes, for instance a guanosine pentaphosphate phosphohydrolase (1,311 bp), an RNA 

methyltransferase (744 bp), and a glutamate 5-kinase (1,140 bp). Other major ORFs in that 

same region were predicted as a guanosinetrifosfaat (GTP) binding protein (1,023 bp), a 

ribosomal silencing factor (444 bp), and a murein hydrolase activator (1,281 bp) [158–161].  

The corresponding protein sequence of the ORF (573 bp; Marseille) located immediately 

downstream of the badA island is a homologue of the IalB family protein found among various 

Bartonella spp. [88, 162]. Due to a single bp deletion, strains Marseille and FR96/BK3 display 

a shorter ORF (573 bp) compared to the ORF (594 bp) identified in the remaining B. henselae 

strains (Figure 3; purple ORF). Interestingly, the originally identified ialB gene (561 bp) is 

located ca. 13 kb further downstream. IalB is an outer membrane protein involved in 

erythrocyte invasion [67, 88, 163, 164]. 

3.2.3. Identification of the badA pseudogenes 

Among all analysed B. henselae strains, an ORF with a sequence length ranging from 5,181 

to 5,430 bp is located upstream of the badA gene, is annotated as ‘Bartonella autotransporter 

adhesin’, and is herein designated as the badA pseudogene (Figure 3; blue ORF). The badA 

pseudogene shows a relatively high pairwise sequence identity (≥ 79.68 %), in which strains 

ATCC49882T var-1, ATCC49882T var-2, Berlin-I, G-5436, and 88-64 Oklahoma display an 

identical badA pseudogene (Table 20). Moreover, the final ca. 1.4 kb-region is identical among 

all studied strains. The corresponding aa-sequence displays the characteristic modular 

organisation of TAAs, including a head domain (375 aa; Marseille), a neck/stalk region 

(1,323 aa and 11 domains; Marseille), and an anchor domain (89 aa) [102]. However, only few 

regions of the badA pseudogenes align partly to regions in their respective badA genes, with 

the highest similarities observed in the anchor domain. Thus far, expression of the badA 

pseudogene is not yet examined nor demonstrated. 
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Table 19. Location and size of the major ORFs of the badA island in the B. henselae genomes 
(adapted from [127]). 

B. henselae 
strain 

badA pseudogene badA badA-like domain region 

NCBI locus 
tag 

Start 
position 

Size 
(bp) 

NCBI locus 
tag 

Start  
position 

Size  
(bp) 

NCBI locus  
tag 

Start 
position 

Size 
(bp) 

Marseille KAE73_05700 1,353,514 5,361 KAE73_05715 1,362,098 11,922 / / / 

ATCC49882T 
var-1 

KAE76_05665 1,383,089 5,181 bapA; 
KAE76_05685 

1,391,491; 
1,396,757 

5,266;  
5,398 

KAE76_05690 to 
KAE76_05770 

1,402,734 21,532 

ATCC49882T 
var-2 

KAE74_05750 1,383,227 5,181 KAE74_05770; 
KAE74_05780 

1,391,629 8,763 / / / 

Berlin-I KAE72_05775 1,383,299 5,181 KAE72_05790; 
KAE72_05800 

1,391,701; 
1,392,330 

627; 
8,133 

/ / / 

G-5436 KAE71_04240 945,048 5,181 KAE71_04225 941,826 10,926 KAE71_04220 to 
KAE71_04150 

930,320 21,532 

88-64  
Oklahoma 

KAE77_04380 949,628 5,181 KAE77_04365 935,475 10,932 / / / 

FR96/BK38 KAE75_04135 923,247 5,430 KAE75_04120 909,103 10,926 KAE75_04115 to 
KAE75_04045 

908,530 20,510 

FR96/BK3 KAE70_05705 1,379,217 5,430 KAE70_05720 1,387,870 13,224 / / / 

 

Only three B. henselae strains (ATCC49882T var-1, G-5436, and FR96/BK38), contain an 

enormous region directly downstream of the badA gene, designated as the badA-like domain 

region (Figure 3). In case of strains ATCC49882T var-1 and G-5436, two distinct and single bp 

insertions are causing a frameshift mutation and subsequent premature stop codon in the 

otherwise perfect ORFs (21,532 bp) of their respective badA-like domain region. Similarly, a 

premature stop codon was observed in the otherwise perfect ORF (20,510 bp) of the badA-like 

domain region in strain FR96/BK38, due to a single bp deletion. The badA-like domain region 

of strain FR96/BK38 includes multiple mutations compared to the badA-like domain region of 

the other two strains showing a pairwise sequence identity of 88.60 %. The putative aa-

sequence of all three badA-like domain regions contains a typical C-terminal anchor domain 

as well as a neck/stalk region that consists of 55 domains (for strains G-5436 and 

ATCC49882T var-1), however, no distinguishable badA-like head domain is observed. 

Expression of the badA-like domain region is not yet examined nor demonstrated.
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Table 20. Pairwise sequence identity of the B. henselae badA pseudogene. The identity (%) is 
determined using a local alignment (Smith-Waterman) and is visualised with a grey scale gradient 
ranging from white to dark grey (lower to higher % identity). 

B. henselae 
strain 

Marseille ATCC49882T 
var-1 

ATCC49882T

var-2 
Berlin-I G-5436 88-64 

Oklahoma 
FR96/BK38 FR96/BK3 

Marseille / 91.61 91.61 91.61 91.61 91.61 85.23 91.18 

ATCC49882T 
var-1 91.61 / 100.00 100.00 100.00 100.00 79.68 84.83 

ATCC49882T 
var-2 91.61 100.00 / 100.00 100.00 100.00 79.68 84.83 

Berlin-I 91.61 100.00 100.00 / 100.00 100.00 79.68 84.83 

G-5436 91.61 100.00 100.00 100.00 / 100.00 79.68 84.83 

88-64 
Oklahoma 91.61 100.00 100.00 100.00 100.00 / 79.68 84.83 

FR96/BK38 85.23 79.68 79.68 79.68 79.68 79.68 / 89.70 

FR96/BK3 91.18 84.83 84.83 84.83 84.83 84.83 89.70 / 

 

3.2.4. Characterisation of the badA gene and corresponding BadA protein 

Six out of eight analysed B. henselae genomes contain an uninterrupted badA ORF with a 

sequence length ranging from 8,763 bp (ATCC49882T var-2) to 13,224 bp (FR96/BK3). Strains 

ATCC49882T var-1 and Berlin-I include a premature stop codon in their putative badA gene 

due to a frameshift mutation caused by the deletion of a 262 bp region and a single bp, 

respectively (Figure 3). The badA promoter has been suggested to be located in a region ca. 

250 bp upstream of the badA start codon site [111, 114].  

The corresponding BadA protein sequences demonstrate the characteristic TAA domain 

organisation consisting of a passenger domain, including an N-terminal head domain and a 

long and repetitive neck/stalk region, and a C-terminal anchor domain [102]. While the head 

domain (≥ 97 % pairwise protein sequence similarity) and anchor domain (≥ 91 % pairwise 

protein sequence similarity) are highly conserved, numerous differences in the neck/stalk 

region were observed in regard to protein sequence length, similarity, and domain composition 

(Figure 4). The neck/stalk region is modularly built and consists of various repeated domains 

with a total number ranging from 18 domains in strains ATCC49882T var-2 and Berlin-I to 

34 domains in strain FR96/BK3. Certain neck/stalk domains show high pairwise similarities 

and are visualised by identical colours or patterns, with the exception of domains 14, 15, and 

16 in strains ATCC49882T var-2 and Berlin-I. Overall, the size of neck/stalk domains varies 

between 68 aa and 147 aa and are defined by their respective neck motif sequence. 
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Figure 4. Schematic organisation and protein sequence alignment of the corresponding (and 
putative) BadA proteins (adapted from [127]). (A) The neck/stalk region of BadA is divided in different 
domains based on their respective neck sequence motif, in which identical coloured neck/stalk domains 
show a high pairwise protein sequence similarity. The BadA neck/stalk region is highly diverse among 
the studied strains. The presence of several repeated domain series within a single BadA protein as 
well as among the different BadA proteins suggests the occurrence of frequent recombination events. 
Two examples thereof are indicated by a star (*) and a circle (O). Due to a frameshift mutation, a 
premature stop codon is observed in the badA gene of strains ATCC49882T var-1 and Berlin-I. The 
black region within domain 15 of strains ATCC49882T var-1 and Berlin-I represents the 18-bp repeat 
region. (B) A multiple pairwise BadA protein sequence alignment (via MUSCLE) shows a conserved 
N-terminal region (first 1,000 aa) and C-terminal region (last 330 aa) with a higher diversity observed in 
the BadA neck/stalk region.



Results   43 
 

Three types of badA anchor domain sequences were identified among the studied B. henselae 

strains (Figure 5). Type 1 differs 37 and 44 bp with type 2 and 3, respectively, and is found in 

strains ATCC49882T var-1, G-5436, and FR96/BK38 that all contain a downstream badA-like 

domain region. Type 2 is observed in strains Berlin-I, ATCC49882T var-2, and 88-64 Oklahoma 

and is homologous to the anchor domain of the badA-like domain region in the strains that 

include a badA type 1 anchor domain. Type 3 differs 16 bp with type 2 and is observed in 

strains Marseille and FR96/BK3. 

 

Figure 5. Comparative overview of the different BadA anchor domain types (adapted from [127]). 
A multiple protein sequence alignment (via MUSCLE) of the identified anchor domains in the putative 
BadA proteins and badA-like domain regions reveals the presence of three different anchor types (1, 2, 
and 3). Highlighted aa (grey) show differences among aligned sequences. 

 

3.2.5. Analysis of an 18-bp repeat region 

Five out of eight analysed B. henselae strains (ATCC49882T var-1, ATCC49882T var-2, 

Berlin-I, G-5436, and FR96/BK38) contain one or more regions of either 468 bp or 918 bp that 

strictly consist of a peculiar 18-bp long sequence [5’-GGA AG(C/T) AA(C/T) GG(C/T) A(G/A)T 

GGC-3’]. Strains ATCC49882T var-1, G-5436, and FR96/BK38 show two or three 18-bp repeat 

regions in their respective badA-like domain region, while strains ATCC49882T var-2 and 

Berlin-I contain only one 18-bp repeat region in their respective badA gene (Figure 3 and Table 

21). The authenticity of this sequence motif was verified via Sanger sequencing and PCR 

(Figure 6) using the primers Repeat_Fw and Repeat_Rv. Via PCR, a second 18-bp repeat 

region of ca. 500 bp was identified in strain ATCC49882T var-2, while only one 18-bp repeat 

region of 918 bp was initially observed via long-read sequencing technology.
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Table 21. Overview of B. henselae strains that contain one or more 18-bp repeat regions.  

B. henselae strain 18-bp repeat region size (bp) Location 

ATCC49882
T
 var-1 468 918 badA-like repeat region 

ATCC49882
T
 var-2 918 badA 

Berlin-I 918 badA 

G-5436 468 918 badA-like repeat region 

FR96/BK38 504 522 918 badA-like repeat region 

 

The corresponding protein structure of the 18-bp aa-sequence [GSNG(N/S)G] might mimic 

collagen-like helixes which would fit the common TAA structure. Nonetheless, only strain 

ATCC49882T var-2 includes this unique repeat region in a membrane localised BadA protein. 

Future research is necessary to clarify the exact function and origin of this 18-bp repeat region. 

 

Figure 6. Analysis of the different 18-bp repeat regions. The presence and size (bp) of all 18-bp 
repeat regions is verified via PCR and agarose gel electrophoresis. However, a second and smaller 
(ca. 500 bp) 18-bp repeat region is identified in strain ATCC49882T var-2 (*) that is not observed in the 
long-read sequenced genome. Negative control strain Marseille does not contain an 18-bp repeat 
region. All strains were analysed on the same agarose gel in which the image was adjusted in silico 
(dotted line). 
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3.3.  Generation of a B. henselae Marseille badA deletion mutant 

To assess the role of BadA in binding ECM proteins and to verify the functionality of the 

B. henselae Marseille badA-deficient transposon mutant (∆BadA-T), an additional markerless 

B. henselae Marseille badA-deficient deletion mutant (∆BadA-D) was constructed via the 

principle of homologous recombination following a previously described two-step selection 

process [129, 150]. Vectors and primers are listed in Table 2 and Table 3.  

Two flanking regions up- and downstream of the badA gene (from B. henselae Marseille) were 

amplified and ligated into the suicide vector pBIISK_sacB/kanR using Gibson Assembly®. The 

first fragment consists of the upstream region of badA (ca. 1 kb) including the first 30 bp of 

3’-badA and was amplified using the primers badAFrUp_Fw and badAFrUp_Rv. The second 

fragment consists of the region downstream of badA (ca. 1 kb) including the last 30 bp of 

5’-badA and was amplified using the primers badAFrDown_Fw and badAFrDown_Rv. Vector 

pBIISK_sacB/kanR was amplified using the primers pBIISK_Fw and pBIISK_Rv. The resulting 

vector pBIISK_sacB/kanR_UpDownBadA was multiplied in heat-shock transformed 

E. coli DH5α, selected on kanamycin-supplemented LB-agar plates, assessed via colony PCR 

and Sanger sequencing using the primers pBIISK_seq_Fw and pBIISK_seq_Rv, and finally 

used to transform electrocompetent B. henselae Marseille.  

Electroporated B. henselae Marseille were selected on kanamycin-supplemented CBA plates 

and checked for successful integration of pBIISK_sacB/kanR_UpDownBadA in the gDNA 

(Figure 7A). It was demonstrated via colony PCR using the primers pBIISK_Fw, pBIISK_Rv, 

IntegrationA_Fw, IntegrationA_Rv, IntegrationB_Fw, and IntegrationB_Rv that the vector was 

integrated upstream of badA. Resulting colonies were subsequently transferred onto CBA 

plates supplemented with 10 % sucrose to select for segregation of the gDNA-integrated 

vector. Vector pBIISK_sacB/kanR carries a levansucrase gene (sacB) converting sucrose into 

levan, a toxin that destabilises the membrane.  



Results   46 
 

 

Figure 7. Schematic overview of the deletion process of badA in B. henselae Marseille via 
homologous recombination. (A) B. henselae Marseille is transformed with a suicide vector carrying 
the upstream (red) and downstream (blue) flanking regions of badA, 30 bp of the up- and downstream 
badA gene (green), and two selection markers kanR and sacB. Colonies with correct integration of the 
vector in the gDNA via the up- or downstream homologous region were selected using kanamycin.  
(B) It was demonstrated via colony PCR that the vector was integrated upstream of badA in the gDNA. 
Single colonies were subsequently selected using sucrose for downstream segregation of the vector 
together with the badA gene. The resulting gDNA of B. henselae Marseille ∆BadA-D contains a 
truncated (60 bp) non-functional badA gene.  

 

Proper vector segregation is characterised by colonies that do not grow on kanamycin-

supplemented CBA plates and was analysed via selection on CBA plates with and without 

supplemented kanamycin. Segregation of the integrated vector results either in the recovery 

of the original gDNA sequence including an intact badA gene, or in a truncated (60 bp) non-

functional badA gene (Figure 7B). The successful deletion of the badA gene was assessed via 

Sanger sequencing using the primers IntegrationB_Fw, Segregation_Fw, and BadA1_Fw, via 

colony PCR using the primers IntegrationB_Fw and IntegrationA_Rv, and via Western blotting 

(WB) using anti-BadA antibodies (Figure 8). 
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Figure 8. Analysis of the deletion of badA in B. henselae Marseille ∆BadA-D via colony PCR and 
Western blotting. (A) Deletion of badA was assessed via colony PCR using the primers 
IntegrationB_Fw and IntegrationA_Rv showing a ca. 2.5 kb band including the 1 kb up- and downstream 
region of badA and the truncated (60 bp) non-functional badA gene. Negative control B. henselae 
Marseille does not show a similar band. (B) It was demonstrated via WB using anti-BadA antibodies that 
B. henselae Marseille ∆BadA-D does not express badA. Likewise, negative control B. henselae 
Marseille ∆BadA-T does not express badA, as opposed to the wild type B. henselae Marseille. 

 

3.4.  Generation of anti-BadA antibodies and verification of badA 
expression via Western blotting 

It has been demonstrated that the passage number of B. henselae influences the expression 

status of badA [76]. Therefore, anti-BadA antibodies were generated to check for badA 

expression and to localise BadA on the bacterial surface. Torn off BadA fibres were 

precipitated from the supernatant of B. henselae Marseille-incubated growth medium and 

subsequently isolated via gel electrophoresis (Figure 9). Excised gel fragments were verified 

to contain BadA proteins using MS (Suppl. Figure 1; performed by Sounak Chowdhury, PhD, 

from Lund University, Sweden) and were used as antigen for rabbit immunisation (performed 

by Eurogentec). To reduce unspecific binding, anti-BadA antibodies were further purified via 

pre-adsorption with B. henselae Marseille ∆BadA-T.  
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Figure 9. Isolation of BadA proteins via gel electrophoresis. Precipitated BadA fibres were collected 
and isolated via SDS-PAGE (8 % gel). Because of its large predicted trimeric protein mass (1,251 kDa), 
BadA was sliced from the top of the stacking gel (black frame), verified via MS, and used as antigen for 
rabbit immunisation. A pre-stained protein ladder (10-250 kDa) was used as marker.  

 

Expression of badA and production of the corresponding BadA protein was analysed via WB 

using anti-BadA antibodies (Figure 10). Results are in accordance with the long-read 

sequencing data in which strains ATCC49882T var-2, Berlin-I, and both badA-deficient mutants 

(strains Marseille ∆BadA-T and Marseille ∆BadA-D) do not express badA. Predictions of the 

MW of the different monomeric BadA proteins range from 296 kDa (for strain 

ATCC49882T var-2) to 464 kDa (for strain FR96/BK3). Accordingly, strains Marseille and 

FR96/BK3 show a slightly larger monomeric BadA protein compared to the other strains. The 

largest detected protein, at the top of the stacking gel, is presumed to be trimeric BadA that is 

unable to travel down because of its enormous size, its heat stability, and its incomplete 

denaturation [165, 166]. Therefore, the limited resolution of SDS-PAGE analysis does not allow 

for a precise MW quantification of the trimeric BadA protein. 
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Figure 10. Analysis of badA expression via Western blotting using anti-BadA antibodies (adapted 
from [127]). The band between the dashed lines is considered monomeric BadA protein, while the 
uppermost band is presumably trimeric BadA protein stuck at the top of the stacking gel (black arrow). 
Strains Marseille and FR96/BK3 display a higher band between the dashed lines, corresponding to the 
predicted MW of the respective monomeric BadA protein (indicated underneath the blotted membrane). 
The numerous lower MW-bands, as well as the bands in between the presumed trimeric and monomeric 
proteins, are considered degradation product of the high MW BadA protein. Strains ATCC49882T var-2 
and Berlin-I contain a premature stop codon in their respective badA gene and do not produce BadA 
accordingly. Likewise, no BadA is detected for both badA-deficient mutant strains Marseille ∆BadA-T 
and Marseille ∆BadA-D. 

 

3.5.  Analysis of BadA on the bacterial surface via immunofluorescence 
and transmission electron microscopy 

The presence of BadA on the bacterial outer membrane is essential for efficient host cell 

adherence in the course of infection and was therefore assessed via IFM using anti-BadA 

antibodies and additionally visualised via TEM. BadA proteins on the bacterial surface are 

characterised by a green halo surrounding the DAPI-stained intracellular DNA and was 

observed for strains Marseille, ATCC49882T var-2, G-5436, 88-64 Oklahoma, FR96/BK38, and 

FR96/BK3. Strains ATCC49882T var-1 and Berlin-I did not show such green halo because of 

a premature stop codon in their respective badA gene, preventing correct translation. Negative 

control strains Marseille ∆BadA-T and Marseille ∆BadA-D did not show any badA expression 

(Figure 11).  
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Figure 11. Analysis of surface exposed BadA in various B. henselae strains via 
immunofluorescence microscopy (adapted from [127]). The presence of BadA on the bacterial 
membrane was analysed via IFM using anti-BadA antibodies (green) in which bacterial DNA was stained 
with DAPI (blue). BadA is present in strains Marseille, ATCC49882T var-2, G-5436, 88-64 Oklahoma, 
FR96/BK38, and FR96/BK3, illustrated by a green halo. Strains ATCC49882T var-1, Berlin-I, and both 
negative control strains Marseille ∆BadA-T and Marseille ∆BadA-D do not express badA and do not 
show a green halo. Scale bar: 5 µm. 

 

IFM results were supported by TEM imaging in which two different processing methods (PLT 

in DMF and HPF/FS) were used to obtain optimal visualisation of the BadA fibres. TEM was 

performed by Katharina Hipp, PhD, from the Max Plank Institute for Developmental Biology 

(Tübingen, Germany). All B. henselae strains with an intact badA ORF show a dense layer of 

BadA fibres along the entire bacterial surface. In contrast, strains ATCC49882T var-1, Berlin-I, 

and both negative control strains Marseille ∆BadA-T and Marseille ∆BadA-D show a smooth 

outer membrane (Figure 12). In conclusion, both microscopy approaches confirm the genomic 

data obtained via long-read sequencing in which the presence of BadA on the bacterial surface 

of the various B. henselae strains corresponds to their respective badA ORF.
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Figure 12. Analysis of BadA on the bacterial surface of various B. henselae strains via 
transmission electron microscopy (adapted from [127]). The presence of BadA on the bacterial 
surface was demonstrated via TEM. Surface-exposed BadA fibres are observed in the representative 
images for strains Marseille, ATCC49882T var-2, G-5436, 88-64 Oklahoma, FR96/BK38, and 
FR96/BK3, but not for strains ATCC49882T var-1 and Berlin-I, nor for the negative control strains 
Marseille ∆BadA-T and Marseille ∆BadA-D. For technical reasons, samples were prepared by PLT in 
DMF and K4M embedding (for strains Marseille, Marseille ∆BadA-D, ATCC49882T var-2, G-5436, and 
88-64 Oklahoma) or by HPF/FS and Epon embedding (for strains Marseille ∆BadA-T, ATCC49882T 
var-1, Berlin-I, FR96/BK38, and FR96/BK3). Scale bars: 200 nm. 

 

In addition, the average BadA fibre length from each B. henselae strain was measured using 

ca. 30 to 50 TEM images of bacterial cells per strain (Figure 13). Calculated BadA fibre lengths 

correspond with their respective BadA protein sequence lengths. For instance, strains 

Marseille and FR96/BK3 display the longest BadA fibres measuring 243 nm (3,973 aa) and 

238 nm (4,407 aa) on average, respectively, while strain ATCC49882T var-2 displays the 

shortest BadA fibres measuring 155 nm (2,920 aa) on average.
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Figure 13. Overview of the average BadA fibre lengths via transmission electron microscopy 
images (adapted from [127]). To determine the phenotype and to measure the average length of 
bacterial surface-exposed BadA fibres of the various B. henselae strains, 30-50 TEM images of bacterial 
cells per B. henselae strain were used. The average BadA fibre lengths of strains ATCC49882T var-2 
(157 nm), G-5436 (171 nm), 88-64 Oklahoma (186 nm) and FR96/BK38 (166 nm) are significantly 
shorter compared to those of strains Marseille (243 nm) and FR96/BK3 (238 nm). The BadA fibre lengths 
of the latter two strains do not show a significant difference (ns). Strains ATCC49882T var-1, Berlin-I, 
Marseille ∆BadA-T, and Marseille ∆BadA-D do not display BadA fibres on the bacterial surface. 
B. henselae strains are indicated to contain an intact badA gene (+) or not (-) based on long-read 
sequencing data. Statistical significance was determined using one-way ANOVA (***; p < 0.001). 

 

3.6.  Functional analysis of the fibronectin and collagen binding of 
B. henselae 

The importance of badA expression on the binding ability of B. henselae to ECM proteins was 

evaluated via whole-cell ELISA using anti-B. henselae antibodies (Figure 14). In short, 

multiwell plates were coated with human plasma fibronectin or human collagen-I in which 

attached bacteria were identified using anti-B. henselae antibodies. Unbound bacteria and 

antibodies were removed by intermediate washes. Assays were done in triplicate and negative 

controls include samples without the addition of bacteria or without prior fibronectin coating. 

B. henselae strains with an intact badA ORF (Figure 3) and with BadA fibres on their respective 

bacterial surfaces (Figure 12) show a significantly higher binding to both fibronectin and 

collagen-I compared to the badA-deficient mutant strains ATCC49882T var-1, Berlin-I, and both 

negative control strains Marseille ∆BadA-T and Marseille ∆BadA-D. The presence of BadA on 

the bacterial surface is essential for binding to ECM proteins and is suggested to be 

independent of the strain-specific BadA length and neck/stalk domain organisation.  
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Figure 14. Analysis of the binding ability of B. henselae to ECM proteins via ELISA (adapted 
from [127]). Multiwell plates were coated with either (A) human collagen-I or (B) human plasma 
fibronectin in which attached bacteria were quantified (colorimetric absorbance measurements at 450 
nm) via whole-cell ELISA using anti-B. henselae antibodies. Strains expressing badA show a 
significantly higher binding to fibronectin and collagen-I compared to strains lacking badA expression. 
Statistical significance was determined using one-way ANOVA testing (***; p < 0.001). 

 

3.7.  Characterisation and schematic domain organisation of the repetitive 
Bartonella adhesin A of B. henselae Marseille  

For the second part of this study and to characterise the major fibronectin binding region(s) of 

BadA, a more detailed analysis of BadA was performed using the badA-expressing and 

laboratory-model strain B. henselae Marseille. The BadA neck/stalk region of all studied 

B. henselae strains, including strain Marseille, shows a modular structure consisting of various 

repeated domains defined by their respective neck motif sequence. The 30 BadA neck/stalk 

domains from strain Marseille were clustered into groups within a three-dimensional plot using 

the application CLANS to visualise their high pairwise protein sequence similarity (Figure 15A).
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Figure 15. Analysis of the domain organisation and pairwise sequence similarity of BadA from 
B. henselae Marseille (adapted from [128]). (A) BadA is modularly structured and is organised in 30 
repetitive neck/stalk domains. The high pairwise domain similarity is visualised via a protein sequence 
similarity plot created in a three-dimensional space using the application CLANS. Neck/stalk domains 
with a high protein sequence similarity are displayed by identically coloured dots, are clustered together, 
and are connected by a darker line. Neck/stalk domains 1 and 30 are not included because of their 
higher divergent domain sequence. (B) BadA domains can be further organised into shorter sequence 
motifs using the daTAA server. The signal sequence is cleaved off during transport into the periplasm. 
The head domain includes YadA-like head repeats, a HIM1 motif, a Trp ring motif, and a GIN motif. The 
long and repetitive neck/stalk region is organised in a recurring pattern including FGG motifs, coil-coiled 
motifs, and DALL-neck tandem connectors. BadA images are drawn to scale according to aa-sequence 
length. Scale bar: 250 aa. 
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Repetitions of certain motif sequences are observed throughout BadA in which domains can 

be further organised into shorter sequence motifs using the ‘domain dictionary’ approach of 

the daTAA server (Figure 15B) [102, 104]. The prototypical neck/stalk domain consists of an 

FGG motif sequence, a coiled-coil motif sequence, a DALL motif sequence, and a final neck 

motif sequence. FGG motifs are defined by their characteristic ‘FGG’ (type 1) or ‘LGG’ (type 2) 

aa-sequence. A total of 19 FGG motifs were observed in the BadA protein of strain Marseille 

and only domains 6, 10, and 27 include a type 2 FGG motif. FGG and neck motifs are 

consistently followed by a coiled-coil motif that mostly consists of a heptad repeat in which the 

seven aa positions are designated ‘abcdefg’, with a hydrophobic residue on positions ‘a’ and 

‘d’ and hydrophilic residues on positions ‘b’, ‘c’, ‘e’, ‘f’, and ‘g’. A previously resolved crystal 

structure of the BadA head domain including part of the neck/stalk region has confirmed the 

presence of a coiled-coil segment in domain 1 [105]. All neck/stalk domains include a DALL-

neck tandem connector at their C-terminal end. Three DALL motif variants are identified with 

signature sequences ‘DSAV’, ‘DALL’, and ‘DSLV’. Neck motifs appear as either long (22 aa) 

or short (19 aa) variants. Long neck motifs are consistently preceded by a signature motif 

sequence ‘DSAV’ or ‘DALL’, while the signature sequence ‘DSLV’ is always followed by a short 

neck motif. The repetitive architecture of the BadA neck/stalk region is illustrated by aligning 

the domains according to their motif sequences (Figure 16) 

 

Figure 16. Protein sequence alignment of BadA neck/stalk domains of B. henselae Marseille 
(adapted from [128]). (A) The repetitive and modular architecture of the BadA neck/stalk region is 
illustrated by aligning the neck/stalk domains according to their predicted motif sequences [102, 104]. 
Previously identified fibronectin-BadA interaction sites [73] are highlighted in light blue. Domains that 
were used to generate the badA mutants D16S28, D19S28, D25S28, and D27S29 are highlighted in 
red. (B) Two FGG motif subtypes are observed in 19 of 30 neck/stalk domains and are characterised 
by a signature ‘(F/L)GG’ sequence (purple). (C) Motif sequences above the dotted line are predicted in 
silico to encode a coiled-coil and to comprise a heptad repeat with residue positions labelled as 
‘abcdefg’. Hydrophobic residues on the positions ‘a’ and ‘d’ are highlighted green and are consistently 
separated by two or three hydrophilic residues. Occasional hydrophilic residues on positions ‘a’ and ‘d’ 
are highlighted in grey. Sequence motifs below the dotted line are predicted in silico to encode for α-
helix structures, yet show a similar heptad repeat. (D) The DALL-neck tandem connector is present at 
the end of each neck/stalk domain. Three variants of the DALL motif exist and are characterised by 
signature sequences ‘DSAV’, ‘DALL’, and ‘DSLV’ (purple). Neck motif sequences appear as either long 
(22 aa) or short (19 aa) variants and show a common signature motif (purple). (B-D) Framed sequences 
show the consensus sequence of each motif. Residues in upper case are present in all observed motif 
sequences, while residues in lower case represent the relatively most frequent. 
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3.8.  Generation of modified badA genes expressed in a B. henselae 
Marseille badA-deficient transposon mutant 

3.8.1. Overview of the design and construction of modified badA genes 

To further investigate the role of certain individual BadA neck/stalk domains in their ability to 

bind human plasma fibronectin, B. henselae Marseille ∆BadA-T was transformed with various 

truncated and modified badA mutants (Figure 17A and Table 1). B. henselae Marseille 

∆BadA-T mutant strains are consistently mentioned by their vector name, for instance strain 

B. henselae Marseille ∆BadA-T/pS27 is indicated as strain S27. Furthermore, ‘S’ refers to 

‘stalk’, ‘H’ refers to ‘head’, ‘N’ refers to ‘neck’, ‘D’ refers to ‘domain’, and subsequent numbers 

denote the first observed N-terminal neck/stalk domain number.  

Mutant strains S27, HN2S27, S28, S29, S30, and HNS30 were designed previously by Patrick 

Kaiser, PhD [72, 106] and their respective badA mutant sequences (Suppl. Figure 2-6) were 

assessed via colony PCR and Sanger sequencing using the primers BadA1_Fw, BadA3_Fw, 

BadA4_Fw, BadA5_Fw, and BadA_Rv. Additional badA mutant sequences D16S28, D19S28, 

D25S28, and D27S29 were designed in silico according to the badA sequence of B. henselae 

Marseille including the native promotor region (ca. 250 bp) and signal sequence (141 bp) and 

were synthesised by Invitrogen GeneArt® Gene Synthesis Services (Suppl. Figure 7-10). 

Synthesised badA mutants were amplified from their respective GeneArt® vectors (Table 2) 

using the primers S28domains_Fw and S28domains_Rv and subsequently cloned into the 

broad-host range vector pBBR1MCS-5 via Gibson Assembly®. Vector pBBR1MCS-5 was 

amplified using primers pBBR1MCS-5_Fw and pBBR1MCS-5_Rv. Resulting vectors were 

multiplied in heat-shock transformed E. coli DH5α and selected on kanamycin- and 

gentamycin-supplemented LB-agar plates. Bacterial vector integration was assessed via 

colony PCR using the primers pBBR1MCS-5_GA_Fw and pBBR1MCS-5_GA_Rv. Insert 

sequences were verified to be error-free via Sanger sequencing using the primers 

S28domains_Fw, S28domains_Rv, BadA1_Fw, BadA2_Fw, and BadA3_Fw. 

Electrocompetent B. henselae Marseille ∆BadA-T were transformed with the resulting vectors 

and further selected on kanamycin- and gentamycin-supplemented CBA plates.  

Expression of all truncated and modified badA mutant genes was verified via WB using 

anti-BadA antibodies and illustrates the differences in protein size corresponding to their 

predicted trimeric MW (Figure 17B). The predicted trimeric MW of truncated and modified BadA 

constructs ranges from 77 kDa (for strain S30) to 327 kDa (for strain HN2S27). Strain 

B. henselae Marseille shows the highest MW band for BadA (predicted to be 1,252 kDa). 

Strains B. henselae Marseille ∆BadA-T and ∆BadA-D function as negative control and do not 

show any badA expression. 
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Figure 17. Overview of the truncated and modified BadA constructs and analysis of the MW via 
Western blotting (adapted from [128]). (A) Various truncated and modified BadA proteins are 
constructed by removing or rearranging specific passenger domains. BadA constructs that are indicated 
by a star (*) were designed previously [72, 106]. BadA constructs D16S28, D19S28, D25S28, and 
D27S29 were generated by combining a single neck/stalk domain with BadA S28 or S29. Images are 
drawn to scale according to aa-sequence length. Scale bar: 250 aa. (B) The variety in MW of the 
generated BadA constructs is demonstrated via WB using anti-BadA antibodies. The predicted MW of 
the trimeric BadA constructs is indicated underneath the blotted membranes. B. henselae strain 
HN2S27 displays the largest modified BadA construct (predicted to be 327 kDa), while strain S30 
displays the smallest truncated BadA construct (predicted to be 77 kDa). The trimeric BadA protein of 
strain B. henselae Marseille is predicted to be 1,252 kDa, while negative control strains ∆BadA-T and 
∆BadA-D lack the ability to express badA. Bacteria were analysed on two separate nitrocellulose 
membranes in which the order of columns has been rearranged in silico (dotted line). 

 

Modified badA mutants D16S28, D19S28, D25S28, and D27S29 were created by combining 

a single badA neck/stalk domain with badA S28 or S29, the latter two functioning as a scaffold, 

exploiting the modular architecture of TAAs. Domains 16, 19, 25, and 27 (highlighted red in 

Figure 16A) were selected to represent different variants of BadA neck/stalk domains. 

Domain 16 (131 aa) is a representative for all nine domains present within the cluster of green-

coloured domains (Figure 15A). Domain 19 is shorter (87 aa) and represents the three 

domains present within the cluster of purple-coloured domains. Domain 25 is likewise short 

(72 aa) and represents the three domains present within the cluster of grey-coloured domains. 
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3.8.2. Analysis of modified BadA fibres on the bacterial surface via confocal 
laser scanning and transmission electron microscopy  

In order to be used in binding experiments, the presence of truncated and modified BadA 

constructs on the outer membrane of B. henselae Marseille ∆BadA-T was assessed via CLSM 

using anti-BadA antibodies and was additionally visualised via TEM. Truncated BadA 

constructs were identified on the bacterial surface via CLSM by a green halo surrounding the 

DAPI-stained intracellular DNA (Figure 18). A weaker CLSM-fluorescence signal is observed 

for strains S29 and S30 expressing the shortest badA mutants. Negative control strain 

Marseille ∆BadA-T does not express badA and therefore does not show a green halo. CLSM 

was performed by Daniela Bender, PhD, from the Paul-Ehrlich-Institut (Langen, Germany). 

 

Figure 18. Analysis of truncated and modified BadA constructs on the bacterial surface via 
confocal laser scanning microscopy (adapted from [128]). The presence of truncated BadA 
constructs on the bacterial membrane was analysed via CLSM using anti-BadA antibodies (green halo) 
in which bacterial DNA was stained with DAPI (blue). Negative control strain B. henselae Marseille 
∆BadA-T does not express badA and does not show a green halo. Depicted CLSM images are 
representative of at least four images from different areas on the same microscopy slide and were 
selected from over twenty representative images using conventional IFM. Scale bar: 5 µm. 
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CLSM results are supported by TEM in which the B. henselae ∆BadA-T mutant strains display 

a strongly truncated BadA protein, visible as short fibres on the bacterial surface (Figure 19). 

Observed BadA fibres vary in length from ca. 17 nm (for strain S30) to ca. 45 nm (for strain 

HN2S27), corresponding to their respective aa-sequence length. For B. henselae Marseille, a 

dense layer of long BadA fibres is observed (ca. 240 nm), while the negative control strain 

B. henselae Marseille ∆BadA-T is characterised by a smooth outer membrane. TEM imaging 

was performed by Katharina Hipp, PhD, from the Max Planck Institute for Developmental 

Biology (Tübingen, Germany). In conclusion, both microscopy approaches confirm the correct 

production of truncated and modified BadA fibres on the bacterial surface of B. henselae 

Marseille ∆BadA-T in which the fibre length corresponds to their respective BadA sequence 

length. 

 

Figure 19. Analysis of truncated and modified BadA constructs on the bacterial surface via 
transmission electron microscopy (adapted from [128]). TEM images of all badA-expressing strains 
depict a dense layer of fibres protruding from the outer membrane. By contrast, negative control strain 
B. henselae Marseille ∆BadA-T is characterised by a smooth outer membrane. BadA fibre lengths vary 
from ca. 20 nm (for strain S30) to ca. 240 nm (for strain Marseille). Enlarged images of the BadA fibre 
structures are given in the framed boxes, respectively. Scale bars: 200 nm. 
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3.9.  Functional analysis of the fibronectin binding of modified BadA 
constructs via ELISA and fluorescence microscopy 

3.9.1. Analysis of fibronectin binding via ELISA  

The ability of the different B. henselae Marseille ∆BadA-T mutant strains, each expressing a 

truncated and modified badA gene, to bind human plasma fibronectin was evaluated via whole-

cell ELISA (Figure 20). In short, multiwell plates were coated with fibronectin in which attached 

bacteria were identified using anti-B. henselae antibodies and quantified via colorimetric 

absorbance measurements. All B. henselae Marseille ∆BadA-T mutant strains showed a 

significantly lower fibronectin binding compared to strain Marseille (100 %). Likewise, both 

negative control strains Marseille ∆BadA-T (16 %) and Marseille ∆BadA-D (17 %) showed a 

strongly reduced fibronectin binding. 

Strains HN2S27 (78 %), S27 (82 %), and D19S28 (79 %) showed the highest fibronectin 

binding despite the deletion of ca. 85 % of the Marseille badA gene. Strain S28 (37 %) showed 

a significantly lower fibronectin binding compared to S27, although only missing domain 27. 

Strains S29 (23 %) and S30 (21 %) contain an even more truncated badA mutant and showed 

an even lower fibronectin binding. Strains D16S28, D19S28, and D25S28 express a badA 

mutant consisting of domain 16, 19, and 25 merged to badA S28, respectively. Compared to 

strain S28, strains D16S28 (60 %) and D19S28 showed a significant increase in fibronectin 

binding, while D25S28 (42 %) did not. Similarly, strain D27S29 (60 %) expresses a badA 

mutant consisting of domain 27 merged to badA S29 and showed a significantly higher 

fibronectin binding compared to strain S29. In addition, no significant difference in fibronectin 

binding was observed between strains HNS30 (31 %) and HN2S27, and their headless 

variants S30 and S27, respectively. In conclusion, BadA neck/stalk domains 19 and 27 (and 

highly similar domains) are suggested to play a major role in fibronectin binding. 
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Figure 20. Analysis of the fibronectin binding of B. henselae Marseille ∆BadA-T mutant strains 
via ELISA (adapted from [128]). The ability of the different B. henselae Marseille ∆BadA-T mutant 
strains to bind human plasma fibronectin was quantified (colorimetric absorbance measurements at 
450 nm) via whole-cell ELISA using anti-B. henselae antibodies. All B. henselae Marseille ∆BadA-T 
mutant strains, including both negative control strains Marseille ∆BadA-T (0.144) and Marseille ∆BadA-D 
(0.150), show a significant lower fibronectin binding than strain Marseille (0.908). Strains S28 (0.334), 
S29 (0.209), HNS30 (0.279), S30 (0.189), and D25S28 (0.383) show a reduced fibronectin binding. 
Strains D16S28 (0.545), D19S28 (0.713), and D27S29 (0.544) show a significant higher fibronectin 
binding than strains S28 and S29. No significant (ns) difference in fibronectin binding is observed 
between strains D19S28 (0.713) and S27 (0.745). Moreover, strains HN2S27 (0.711) and HNS30 do 
not show a significant higher fibronectin binding than their headless variants S27 and S30, respectively. 
Statistical significance was determined using one-way ANOVA testing (***; p < 0.001). 
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3.9.2. Analysis of fibronectin binding via fluorescence microscopy 

Findings obtained via quantitative whole-cell ELISA analysis were verified by a fluorescence 

microscopy analysis (Figure 21). In short, bacteria were processed on the same multiwell plate 

but identified using DAPI staining. Accordingly, a higher number of fibronectin-bound bacteria 

were identified for strains Marseille, HN2S27, S27, D16S28, D19S28, and D27S29. 

No fibronectin-bound bacteria were detected for negative control strain Marseille ∆BadA-T. 

 

Figure 21. Analysis of the fibronectin binding of B. henselae Marseille ∆BadA-T mutant strains 
via fluorescence microscopy (adapted from [128]). The ability of the different B. henselae Marseille 
∆BadA-T mutant strains to bind human plasma fibronectin was assessed via fluorescence microscopy 
using DAPI staining (white). Strains Marseille, HN2S27, S27, D16S28, D19S28, and D27S29 show a 
high number of fibronectin-bound bacteria, while negative control strain Marseille ∆BadA-T does not. 
Strains S28, S29, HNS30, S30, and D25S28 show a low number of fibronectin-bound bacteria. Scale 
bar: 100 µm.  
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3.9.3. Analysis of the bacterial seeding number via quantitative real-time 
polymerase chain reaction 

To assess the addition of approximate equal amounts of B. henselae Marseille mutant strain 

cells per well for both the whole-cell ELISA analysis and the fluorescence microscopy analysis, 

a qPCR was performed (Figure 22). In short, bacterial numbers for a bacterial solution with an 

OD600 of 0.5 were calculated via an internal standard by amplifying a fragment (120 bp) of the 

housekeeping gene glyA from the vector pCR™2.1-TOPO®_glyA using the primers glyA_Fw 

and glyA_Rv. While strains Marseille ∆BadA-T and Marseille ∆BadA-D show a significant lower 

number of gene copy equivalents compared to the wild type strain Marseille, strains D16S28, 

D19S28, and D25S28 show a significant higher number of gene copy equivalents. 

Nonetheless, all strains depict a number of gene copy equivalents within the same order of 

magnitude confirming the approximate equal addition of bacterial cells per well.  

 

Figure 22. Analysis of the bacterial seeding number via quantitative real-time PCR (adapted 
from [128]). The observed logarithmic numbers of glyA copy equivalents correspond to bacterial 
solutions (in PBS) with an OD600 of 0.5. The addition of approximate equal amounts of B. henselae 
Marseille mutant strain cells in both the whole-cell ELISA analysis and fluorescence microscopy analysis 
was confirmed via qPCR using logarithmic numbers of glyA copy equivalents as an internal standard. 
Statistical significance was determined using one-way ANOVA testing (***; p < 0.001). 
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3.10. Characterisation of a BadA-fibronectin binding site using specific 
anti-BadA-DALL antibodies  

3.10.1. Generation and specificity of anti-BadA-DALL antibodies 

BadA neck/stalk domain 27 was, together with homologous domains, suggested to be 

important for binding human plasma fibronectin. The common DALL motif is predicted to 

consist of β-sheets forming a hairpin structure and might act as an optimal fibronectin 

interaction site. To assess the role of the DALL motif of domain 27 in binding fibronectin, a 

15-mer peptide sequence (RHEKSKLEKGASKAI) from the DALL motif was synthesised and 

used as antigen for rabbit immunisation (performed by Eurogentec) to generate 

anti-BadA-DALL antibodies.  

Specificity of the anti-BadA-DALL antibodies was assessed via WB, ELISA, and IFM using 

anti-BadA-DALL antibodies (Figure 23). Strains Marseille, S27, and D27S29 produce a 

modified BadA protein including the targeted DALL motif sequence and were identified via WB 

(Figure 23A), ELISA (Figure 23B), and IFM (Figure 23C) using the anti-BadA-DALL antibodies. 

Negative control strains Marseille ∆BadA-T, S28, S29, S30, D16S28, and D25S28 do not 

express a modified badA gene that contains the targeted DALL motif sequence and were thus 

not identified. The DALL motif of domain 19 includes a DALL motif sequence 

(RHEKSKLEKGVSKAT) that differs only by two aa with the targeted DALL motif sequence of 

domain 27. Hence, strain D19S28 was also identified via ELISA using the anti-BadA-DALL 

antibodies. In conclusion, the generated anti-BadA-DALL antibodies specifically identify the 

15-mer peptide sequence from the DALL motif in domains 27 and 19.  
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Figure 23. Analysis of the specificity of anti-BadA-DALL antibodies via Western blotting, ELISA, 
and immunofluorescence microscopy (adapted from [128]). (A-C) Only strains Marseille, S27, 
D19S28, and D27S29 expressing badA including the targeted (or highly similar) DALL motif sequence 
were identified via WB, ELISA, and/or IFM analysis using anti-BadA-DALL antibodies. Negative control 
strains Marseille ∆BadA-T, S28, S29, and S30 lack the targeted DALL motif sequence and are thus not 
detected. (A) WB: Bacteria were analysed on a single nitrocellulose membrane in which the order of 
columns has been rearranged in silico (dotted line). (B) ELISA: Multiwell plates were coated with human 
plasma fibronectin and attached bacteria were quantified via colorimetric absorbance measurements at 
450 nm. For negative control 1 no bacteria were added, for negative control 2 strain Marseille was added 
without prior fibronectin coating. Statistical significance was determined using one-way ANOVA testing 
(***; p < 0.001). (C) IFM: Identification of the targeted DALL motif sequence is indicated by a green halo 
surrounding the DAPI-stained intracellular DNA. Scale bar: 5 µm. 
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3.10.2. Analysis of a decreased BadA-fibronectin binding via anti-BadA-DALL 
antibodies  

To assess the role of the DALL motif of domain 27 in binding fibronectin, specific 

anti-BadA-DALL antibodies were generated, and evaluated for BadA-fibronectin inhibiting 

features via ELISA testing (Figure 24A). In short, multiwell plates were coated with bacteria 

(strains S27 or Marseille ∆BadA-T) and successively incubated with a dilution of 

anti-BadA-DALL antibodies (1 µg/ml, 10 µg/ml, or 100 µg/ml) and human plasma fibronectin. 

Anti-BadA antibodies were similarly diluted and used as positive control. Bound fibronectin 

was identified using anti-fibronectin antibodies. 

The stepwise increase of anti-BadA-DALL antibodies resulted in a gradual decrease of bound 

fibronectin to strain S27, indicating that the 15-mer protein sequence of the DALL motif of 

domain 27 is involved in fibronectin binding (Figure 24B). A similar observation was made for 

the anti-BadA antibodies targeting various unknown sites of BadA.
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Figure 24. Analysis of the inhibiting effect of anti-BadA-DALL antibodies on BadA-fibronectin 
binding (adapted from [128]). (A) Overview of principle where anti-BadA-DALL antibodies inhibit the 
binding of fibronectin to BadA S27 by occupying specifically the DALL motif sequence in domain 27. 
The heparin binding region I of fibronectin was suggested previously to be a BadA interaction site [73]. 
(B) Multiwell plates were coated with strains S27 or Marseille ∆BadA-T and successively incubated with 
a dilution of anti-BadA-DALL antibodies (1 µg/ml, 10 µg/ml, or 100 µg/ml) and human plasma 
fibronectin. Anti-BadA antibodies were similarly diluted and used as positive control. Bound fibronectin 
was quantified via colorimetric absorbance measurements at 450 nm. Increasing concentrations of 
anti-BadA-DALL antibodies resulted in a decrease of fibronectin binding of strain S27, back to the level 
of strain Marseille ∆BadA-T (negative control). Similar observations were made for the anti-BadA 
antibodies (positive control). For negative control 1, no bacteria were coated, for negative control 2, no 
fibronectin was added. Statistical significance was determined using one-way ANOVA testing 
(***; p < 0.001). 
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4. Discussion 

B. henselae is an endemic, fastidious, and slow-growing bacterial species. Cats serve as the 

major reservoir host of B. henselae and transmission among cats occurs through the faeces 

or bites of infected cat fleas [47–49]. The incidental inoculation of humans usually occurs 

indirectly through infected flea faeces that is superficially scratched into the skin. B. henselae 

is the causative agent of CSD, a self-limiting zoonotic disease characterised by localised 

lymphadenopathy. Other common symptoms are skin lesions at the site of the cat scratch, 

fatigue, and fever. Immunocompromised patients might suffer from life-threating endocarditis 

[5, 60] or vasculoproliferative disorders such as bacillary angiomatosis [59, 61].  

Adhesion to host cells is the first and foremost step during infection with pathogens. In Gram-

negative bacteria, TAAs represent a major class of pathogenicity factors and TAA-producing 

bacteria cause a wide spectrum of human diseases such as CSD (B. henselae), enterocolitis 

(Y. enterocolitica), meningitis (N. meningitis), and blood stream infections (multi-drug resistant 

A. baumannii). TAA-targeted anti-adhesive strategies might represent a universal strategy to 

counteract such bacterial infections. YadA of Y. enterocolitica is considered the prototypical 

TAA despite its relatively short passenger domain and fibre length of ca. 23 nm [98, 167]. 

Examples of other well-studied TAAs are Ata of A. baumannii [168], NadA of N. meningitidis 

[100], and SadA of S. enterica [99]. One of the best characterised TAAs is BadA of B. henselae 

and is associated with angiogenic reprograming of infected host cells [76–79]. Expression of 

badA has been suggested to be upregulated under conditions mimicking the human host cell 

environment and downregulated under conditions mimicking the cat flea host environment 

[169]. BadA is primarily responsible for bacterial binding to ECM proteins such as collagen, 

laminin, and fibronectin [118]. Moreover, it has been described that the interaction of BadA 

with fibronectin represents the basis for adhesion of B. henselae to endothelial host cells [73]. 

TAAs are characterised by a homologous C-terminal membrane anchor and share a modular 

and repetitive passenger domain consisting of head, neck, and stalk domains [95, 102]. 

Neck/stalk domains share specific sequence motifs with characteristic conformations, 

annotated by the ‘domain dictionary’ approach of the daTAA server [102, 104]. While it was 

shown that the BadA head domain is crucial for adhesion to various ECM proteins and 

angiogenic reprogramming of host cells [72, 117], adhesion of B. henselae to fibronectin was 

demonstrated to be mediated via the BadA neck/stalk region [106]. Thus far, the exact BadA 

neck/stalk domains or motifs that are responsible for fibronectin binding remain unknown. 

However, to determine specific BadA binding motifs, it must be first verified that such motifs 

are conserved within the species of B. henselae.   
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4.1.  Long-read sequencing reveals genetic adaptation of the badA island 
among different B. henselae strains 

4.1.1. Long-read sequencing covers the highly repetitive badA island 

Genomes of eight B. henselae strains were sequenced using long-read sequencing 

techniques with the aim of analysing differences in the highly variable badA gene, studying 

badA expression, and investigating the role of BadA in binding ECM proteins. Because of the 

long and repetitive badA gene and flanking regions, assembly of short-read sequencing data 

often fell short or was considered questionable [170]. In contrast, long-read PacBio sequencing 

yields 20-25 kb reads that cover highly repetitive stretches bypassing few genome assembly 

challenges related to short-read sequencing data [171].  

For instance, it was demonstrated that the badA gene from strain Marseille consists of 

11,922 bp instead of the earlier established 9,249 bp [76, 127]. It can be reasoned that two 

repeated regions of 1.4 kb and 1.3 kb, respectively, were omitted during the assembly of the 

short-read Sanger sequencing data. Furthermore, the PCR-identified variations in the 

repetitive neck/stalk region of the badA gene of different B. henselae strains [111] were 

validated via long-read sequencing data analyses (Figure 3). The average BadA fibre length 

from each B. henselae strain was determined via TEM-image analysis and correlates with their 

respective badA gene length (Figure 12). Small variations between the measured BadA fibre 

lengths of B. henselae G-5436, 88-64 Oklahoma, and FR96/BK38, despite showing similar 

badA gene lengths, might derive from structural changes due to the TEM-processing. 

 

4.1.2. Classification of the B. henselae species 

All sequenced B. henselae strains show a conserved genome with a high pairwise genome 

sequence similarity (≥ 98.57 %). An ANI-score of ≥ 95 % is suggested as a cut-off value for 

defining prokaryotic species [172]. Divergences are primarily observed in a ca. 400,000 bp 

region, previously designated as a type II secretion system island [32], and are associated with 

the presence of prophage sequences (Figure 2). The remaining genome sequence is highly 

conserved among the species. Nonetheless, a major inversion of two adjacent collinear 

regions (ca. 1.5 Mbp) is observed in strains G-5436, 88-64 Oklahoma, and FR96/BK38. Both 

inversion breakpoints are characterised by a copy of the highly conserved tuf gene and genes 

encoding for ribosomal and transcription-related proteins [173, 174].  

Thus far, only two B. henselae genotypes have been described. Genotype I (represented by 

B. henselae ATCC49882T Houston-I) is suggested to be more associated with human 

infections, while genotype II (represented by B. henselae Marseille) might favour the cat host 
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environment as they appear to outcompete genotype I during bloodstream infections in cats 

[31, 44]. B. henselae Marseille, ATCC49882T var-1, ATCC49882T var-2, Berlin-I, G-5436, and 

88-64 Oklahoma are isolates from human patients diagnosed with either CSD, HIV, or bacillary 

angiomatosis, while B. henselae FR96/BK38 and FR96/BK3 are isolates from domestic cats. 

The genomes of B. henselae ATCC49882T var-1, ATCC49882T var-2, Berlin-I, G-5436, and 

88-64 Oklahoma can be classified as genotype I strains because of their high pairwise genome 

sequence identity (≥ 99.9 %) and homologous copy of two 16S rRNA genes [41]. In addition, 

strains ATCC49882T var-1, ATCC49882T var-2, Berlin-I, and G-5436 have been described as 

variants of the genotype I type-strain ATCC49882T Houston-I. Similarly, B. henselae Marseille, 

FR96/BK38, and FR96/BK3 share a homologous copy of two 16S rRNA genes and can thus 

be classified as genotype II strains. However, the comparatively low pairwise genome 

sequence identity (≥ 98.57 %) of the genotype II strains might suggest otherwise (Table 18). 

Moreover, strain FR96/BK38 shows a higher pairwise genome sequence identity (≥ 99.37 %) 

to strains classified as genotype I. The lowest pairwise genome sequence identities are 

observed for strains Marseille (≥ 98.82 %) and FR96/BK3 (≥ 98.57 %) that appear to be more 

genetically distinct. The frequent emergence of new B. henselae genetic variants in vivo has 

been described before and demonstrates that classifying B. henselae species into particular 

genotypes cannot be solely attributed to the source of isolation or 16S rRNA gene sequences 

[37, 175].  

In addition, numerous variations within the badA island among the studied B. henselae strains 

are observed that can be attributed to a series of recombination events. As a result, none of 

the analysed badA sequences are identical, only three B. henselae strains contain a 

downstream badA-like domain region, and three different types of badA anchor domain 

sequences are identified. Based on the intact badA gene, the type of badA anchor domain 

sequence, and the long downstream badA-like domain region, B. henselae G-5436 is 

suggested to be the evolutionary ancestor of the strains analysed in this work. In conclusion, 

future classification and genotyping of B. henselae strains should be supported by either 

long-read whole genome sequencing techniques or by a detailed analysis of the badA island. 

 

4.1.3. Potential influence of flanking genes on badA expression 

Expression of badA is influenced by environmental signals such as pH, iron availability, and 

temperature and is correlated with the bacterial lifestyle of frequently alternating host 

environments [112, 114, 116]. The functional role of the badA genomic neighbourhood on the 

regulation of badA expression and modification remains unexplored [176]. The variable badA 

island sequence is flanked up- and downstream by a highly conserved region including genes 
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with predicted proteins that are involved in various functions such as transcriptional regulation 

(for example Fur-like proteins, ComR-like proteins, and two ribosomal silencing factors), post-

translational modification (for example RNA methyltransferase), protein synthesis (for example 

the GTP binding protein, two serine tRNAs, and two 50S ribosomal proteins), membrane 

transport (for example an efflux resistance-nodulation-cell division transporter permease 

subunit), metabolism (for example phosphoenolpyruvate-protein phosphotransferase, 
glucose-6-phosphate isomerase, and glutamate 5-kinase), membrane integrity (for example a 

murein hydrolase activator), pathogenicity (for example IalB), or DNA damage repair, 

transposition, and recombination (for example ComR-like proteins, and a protein of the AAA+ 

ATPase superfamily). 

The rather close vicinity (ca. 23.5 kb) of a predicted Fur-like protein to the badA island might 

suggest a repressed badA transcription in B. henselae upon residing within the iron-saturated 

flea gut environment. Conversely, within mammal hosts where free heme as an iron source is 

rare, upregulation of badA might facilitate initial adhesion of B. henselae to the ECM during 

infection [177]. Furthermore, the identified ptsP gene upstream of badA is predicted to be a 

component of a phosphoenolpyruvate phosphotransferase system that has been associated 

to virulence gene expression related to nutrient availability [178]. Lastly, an ialB pseudogene 

and ialB gene are located downstream of the badA island in which the corresponding IalB 

protein is involved in erythrocyte invasion [88, 162, 164]. In contrast to badA expression, ialB 

is shown to be upregulated in vitro under conditions with a lower pH (< 7.2) or lower 

temperatures (< 37 °C) suggesting the bacteria to be primed for erythrocyte invasion under 

conditions mimicking the cat flea host [162]. TAA genes are generally monocistronic, however 

operon configurations including a TAA gene and an additional downstream gene associated 

with TAA biogenesis have been observed in Brucella abortus, Salmonella spp., Burkholderia 

spp., and Acinetobacter sp. Tol 5 [179–182]. Nonetheless, the influence of any of the 

abovementioned genes or predicted proteins on the regulation of badA expression remains to 

be explored. 

 

4.1.4. The badA island is a recombination hotspot 

The pathogenic life cycle of B. henselae with frequent host transitions from the cat flea to the 

cat flea’s gut, to cats, and potentially to humans suggests the need for an efficient and quick 

adaptation strategy to the differing host environments. In contrast to other variable regions, the 

badA island has not yet been predicted nor described as a prophage or defined genomic island 

[24, 32]. Prophage sequence-containing regions have been described to stimulate 
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diversification and dispersion of specific host-adaptability genes throughout the B. henselae 

species [24, 27, 183].  

The observed diversity between the badA islands of the analysed B. henselae strains might 

be the result of evolutionary selection for few beneficial traits such as host-specific colonisation 

or immune evasion. Moreover, the numerous versions of the badA island and its extensive 

number of repeats make this region and excellent ‘toolbox’ for TAA adaptation and might 

function as a back-up system against reductive genome evolution, emphasizing its 

evolutionary significance. Expression of the badA pseudogene and the badA-like domain 

region has not yet been examined nor demonstrated. Furthermore, the potential role of several 

flanking genes involved in recombination-dependent replication, DNA damage repair, and/or 

genome plasticity (for example the mobile genetic element and the ComR-like transcriptional 

factors) remains unclear. Variations in the expression status and the length of badA from 

different B. henselae strains have been identified via WB using anti-B. henselae antibodies 

and via long-distance PCR approaches, respectively [111]. It is suggested that a shuffling 

mechanism comparable to phase variation via recombination might mediate the occurrence of 

new badA variants [35, 104, 184]. The highly repetitive regions in the sequences of badA, the 

badA pseudogene, and the badA-like domain region might stimulate such site-specific 

recombination or slipped-strand mispairing, resulting in new variations of the badA island.  

In particular, the BadA proteins of B. henselae Berlin-I and ATCC49882T var-2 differ 

considerably from the BadA proteins observed in other B. henselae strains regarding their size, 

number of repetitive domains, and overall domain organisation (Figure 4A). The badA gene of 

strains Berlin-I and ATCC49882T var-2 might be the result of a recombination event deleting a 

large portion of the badA gene and a former badA-like domain region, combining the first part 

of the badA gene (up to 69 bp before the start of domain 4) with the latter part of a former 

badA-like domain region (last 6,360 bp). Hence, the presence of an 18-bp repeat region and a 

type 2 BadA anchor domain in their respective badA genes. A similar recombination event 

might have happened in the badA island of strain 88-64 Oklahoma connecting a large part of 

badA (up to domain 26) with the last 697 bp of a former badA-like domain region, resulting in 

a badA gene with a type 2 BadA anchor domain. Moreover, the current badA gene of strains 

Marseille and FR96/BK3 might derive from a common badA gene (for example the badA gene 

of strain G-5436) that has been through several recombination events. Indications thereof can 

be found through the presence of multiple badA neck/stalk domain repeats present only one 

time in the badA gene of strain G-5436 (Figure 4). 

Low-passage B. henselae isolates are usually characterised by the abundant expression of 

badA, while extensive passaging on CBA plates has resulted in the occurrence of a badA-

deficient B. henselae strain [185], strengthening the hypothesis of existing phase-on and 
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phase-off phenotypes [23, 35]. Accordingly, it is possible that the observed frameshift 

mutations in badA in B. henselae strains ATCC49882T var-1 and Berlin-I have occurred 

because of cultivating the bacteria under laboratory conditions. Attenuated B. henselae strains, 

deficient in expressing badA, might even stay restricted to the cat flea host or might survive 

only under artificial laboratory conditions where the metabolic burden of badA expression 

selects for faster growing colonies that have silenced the badA gene. Loss of biologically 

important genetic information might also happen under in vivo conditions. Thus far, regaining 

the ability to express badA has never described. However, a suitable animal infection model 

mimicking human infections that could confirm this hypothesis does not exist. 

 

4.1.5. The 18-bp repeat region follows a periodic glycine-x-x motif 

Five analysed B. henselae strains include at least one region that solely consists of a strict 

18-bp repeat motif sequence. The predicted protein structure [GSNG(N/S)G] follows a periodic 

glycine-x-x (pGxx) motif mimicking the structure of a poly-proline collagen helix. Similar pGxx 

motifs have been identified in other TAAs or YadA-like proteins from different pathogens (for 

example in A. johnsonii, S. enterica, and Ewingella americana). Thus far, and within the 

B. henselae species, only B. henselae ATCC49882T var-2 contains a pGxx motif region in a 

membrane exposed BadA protein. It is possible that the identified pGxx motifs are simply 

present as junk DNA [186], however, DNA tandem repeats forming so-called minisatellites are 

known to be hypermutable regions that act as engines for genetic variability and bacterial 

adaptation to changing environments [187]. In conclusion, follow-up research is necessary to 

clarify the function, if existing, and origin of this peculiar 18-bp repeat motif. 

 

4.2.  Adhesion of B. henselae to fibronectin is mediated via repetitive 
motifs present in the stalk of BadA 

4.2.1. BadA is crucial for adhesion in the initial phase of infection 

BadA production is crucial for adhesion to ECM proteins, endothelial cell infection, and 

induction of a proangiogenic response [19, 76, 118]. It has been demonstrated that 

B. henselae binds ECM proteins using its long and membrane exposed BadA fibres to connect 

the bacteria to the host cell surface. The binding of B. henselae to fibronectin has been 

attributed to the BadA neck/stalk region, while the BadA head domain was found to be 

responsible for binding collagen [72, 106].  
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Consequently, B. henselae strains deficient in expressing badA showed only minimal binding 

to the ECM proteins fibronectin and collagen-I (Figure 14). While collagen-I is abundantly 

present in the human body, especially in the dermis where it represents a major binding partner 

for TAAs [188–190], fibronectin was proven to be a key first binding partner of B. henselae 

during infection of human endothelial host cells in blood vessels or heart valves [73, 120]. 

Moreover, the binding ability of the different badA-expressing B. henselae strains seemed to 

be independent of the BadA fibre length, domain composition, or number of neck/stalk domains 

(Figure 14). Though rearranged, certain neck/stalk domains remain conserved among all 

analysed badA sequences. To be able to inhibit the initial binding of B. henselae in the course 

of infection, it must first be determined which conserved domains or motifs of the BadA 

neck/stalk region are involved in binding fibronectin. 

 

4.2.2. The role of specific BadA neck/stalk domains in binding fibronectin 

To specify the role of certain domains and motifs in binding fibronectin, numerous truncated 

and modified BadA constructs were generated (Figure 17A) and their ability to bind fibronectin 

was analysed under static binding conditions (Figure 20). For this work, the laboratory model 

strain B. henselae Marseille was used. 

In general, all analysed B. henselae Marseille ∆BadA-T mutant strains showed a significantly 

lower fibronectin binding compared to strain Marseille. The addition of approximate equal 

amounts of B. henselae Marseille ∆BadA-T mutant strain cells per well for both the whole-cell 

ELISA and the fluorescence microscopy analysis was confirmed. The low but measurable 

fibronectin binding of negative control strains B. henselae Marseille ∆BadA-T and Marseille 

∆BadA-D might be attributed to other B. henselae adhesion proteins such as HbpA/Pap31, 

Omp89, and Omp43 [71, 90, 94]. No significant difference in fibronectin binding was observed 

between strains HNS30 and HN2S27 on the one hand, and strains producing their respective 

headless counterparts S30 and S27 on the other hand, confirming prior findings that the head 

domain is not directly involved in binding fibronectin [106]. Strains S29 and S30 showed a 

relatively low fibronectin binding, approximating the level of both negative control strains 

Marseille ∆BadA-T and Marseille ∆BadA-D. The short-chain lipopolysaccharide of B. henselae 

[89] and other outer membrane proteins should not obstruct binding in case of the long 

wild-type BadA fibre, however, it is unknown whether the BadA fibres of strains S29 

(ca. 23 nm) and S30 (ca. 17 nm) are large enough to stick out from the glycolipid layer. Future 

analyses using an LPS-deficient B. henselae strain could clarify this matter. However, the 

YadA fibre of Y. enterocolitica likewise measures only 23 nm and is able to bind various ECM 

proteins, though to a lower degree compared to B. henselae Marseille [96, 118]. 
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Despite the deletion of 26 badA neck/stalk domains (ca. 10 kb), strains S27 and D19S28 still 

showed a relatively high fibronectin binding (ca. 80 %) compared to the fibronectin binding of 

the wild type strain Marseille. In contrast, strain S28 showed a significantly lower fibronectin 

binding compared to strains S27 or D19S28, although only missing one badA neck/stalk 

domain. Therefore, BadA neck/stalk domains 19 and 27 are considered important regions for 

the initial attachment of B. henselae to fibronectin. BadA neck/stalk domains 6 and 10 are 

homologous to domain 27, while domain 15 and 23 are homologous to domain 19. Moreover, 

strain D27S29 showed a significantly higher fibronectin binding compared to strain S29, 

although only including the extra badA neck/stalk domain 27, which confirms the important role 

of domain 27 in the adherence of BadA to fibronectin.  

 

4.2.3. BadA-fibronectin binding is mediated via repetitive motif sequences 

Overall, BadA neck/stalk domains demonstrate a recurring pattern including structural FGG 

motifs, coiled-coil motifs, and DALL-neck tandem connectors [102, 104]. BadA neck/stalk 

domains 19 and 27 share a similar coiled-coil motif and DALL-neck tandem connector 

sequence (Figure 16). A complex network showing close interactions between BadA and 

fibronectin has been resolved using XL-MS, of which six interaction sites were verified in vitro 

to be directly involved in fibronectin binding (Figure 16A) [73]. Four of the identified interaction 

sites are located exclusively in domain 19 and domain 27 (and homologous domains) and 

emphasise the role of domains 19 and 27 in the initial attachment of B. henselae to fibronectin. 

The first interaction site (VNNNVTNKFNELTQSITNVTQQVK) is part of the coiled-coil motif, 

whereas the other three identified interaction sites are all part of the DALL-neck tandem 

connector motif (LEKGASKATQENSKITYLLDGDVSK). 

The DALL motif is predicted to consist of two β-strands forming a hairpin structure and is 

considered an optimal interaction site for adherence to the numerous unpaired β-strands 

present in fibronectin [105, 109, 191]. For instance, Staphylococcus aureus and 

Streptococcus pyogenes have been observed to bind fibronectin via extended tandem 

β-zippers [192]. To assess the role of DALL motifs in binding fibronectin, an anti-BadA-DALL 

antibody was generated targeting a 15-mer peptide sequence (RHEKSKLEKGASKAI) from 

the DALL motif of domain 27 that is observed partly in one of the BadA-fibronectin interaction 

sites identified via XL-MS [73]. The stepwise increase of anti-BadA-DALL antibodies resulted 

in a gradual decrease of fibronectin attached to strain S27, indicating that the 15-mer sequence 

of the DALL motif of domain 27 is involved in fibronectin binding. A stronger decrease of 

fibronectin binding was observed when using anti-BadA antibodies as inhibiting component, 

however, the exact antibody concentration and BadA targeting sites are unknown.  
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The observed increase in fibronectin binding of strain D16S28 compared to strain S28, might 

be the result of an additional FGG motif present in domain 16. FGG motifs are distributed 

abundantly in the BadA neck/stalk region, are usually characterised by the insertion of a 

3-stranded β-meander into a coiled-coil region, and have been described as a potential 

fibronectin binding region [97, 104, 106, 107]. Moreover, domain 16 and domain 28 each 

contain a BadA-fibronectin interaction site interaction site in their FGG motif, likewise identified 

via XL-MS [73]. Nonetheless, the contribution of a single FGG motif in binding fibronectin must 

be low as a similar motif sequence present in domain 28 and domain 29 do not result in a high 

fibronectin binding of strain S28 and strain S29.  

In conclusion, BadA is suggested to bind fibronectin in a cumulative fashion with quick 

saturation making use of unpaired β-sheet hairpins present in the DALL motifs of BadA 

neck/stalk domains 19 and 27 (and homologous domains). Moreover, this type of DALL motif 

sequence is present at least once in every badA sequence analysed in this work. Because of 

the highly repetitive nature of the BadA neck/stalk region, it might be hypothesised that the 

cumulation of DALL motifs would lead to a linear increase of the overall fibronectin binding 

capacity. However, an increasing number of DALL motifs only slightly enhanced the fibronectin 

binding capacity, as was demonstrated by the minimal difference in fibronectin binding 

between the wild type strain (30 BadA neck/stalk domains) and strain S27 (4 BadA neck/stalk 

domains). Therefore, the enormous size of BadA and the extensive number of repeats in the 

BadA neck/stalk region might primarily function as an evolutionary ‘toolbox’ for TAA adaptation 

or as a long ‘grab’ to facilitate adhesion of B. henselae to fibronectin. 

 

4.3.  Outlook 

Additional infection experiments using HUVECs or binding assays using dynamic flow 

conditions (lab-on-chip) could be pursued to mimic bacterial adhesion under in vivo-like 

conditions and might even partly replace animal infection models. Follow-up research via 

evolutionary modelling or in-depth genomic analyses might clarify the function and origin of the 

18-bp repeat motif. Moreover, the functional role of the badA island’s genomic neighbourhood 

on the regulation of badA expression and genomic modification remains unexplored. Future 

research should also be focused on the production of recombinant BadA mutant proteins and 

single structural motifs with the aim of elucidating BadA-fibronectin binding sites more in detail, 

for instance via atomic force microscopy. Further identification of common binding motifs 

between BadA and fibronectin will provide a basis towards the design of novel ‘anti-adhesive’ 

compounds that might prevent the initial adherence of B. henselae and other TAA-producing 

pathogens during infection of host cells.  
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Summary 

Adhesion to host cells is the first and most crucial step in infections with pathogenic 

Gram-negative bacteria and is often mediated by trimeric autotransporter adhesins (TAAs). 

TAA-producing bacteria are the causative agent of many human diseases and TAA-targeted 

anti-adhesive compounds might counteract such bacterial infections. The modularly structured 

Bartonella adhesin A (BadA) is one of the best characterised TAAs and serves as an attractive 

adhesin to study the domain-function relationship of TAAs during infection. BadA is a major 

virulence factor of B. henselae and is essential for the initial attachment to host cells via 

adhesion to extracellular matrix proteins. B. henselae is the causative agent of cat scratch 

disease and adheres to fibronectin using its long BadA fibres. The life cycle of this pathogen, 

with alternating host conditions, drives evolutionary and host-specific adaptations. 

Human, feline, and laboratory adapted B. henselae isolates display genomic and phenotypic 

differences. By analysing the genomes of eight B. henselae strains using long-read 

sequencing, a variable genomic badA island with a diversified and highly repetitive badA gene 

flanked by badA pseudogenes was identified. Moreover, numerous conserved flanking genes 

were characterised, however, their influence on the regulation of badA expression and 

modification remains to be explored. It seems that B. henselae G-5436 is the evolutionary 

ancestor of the other B. henselae strains analysed in this work. The diversity of the badA island 

among the B. henselae strains indicates that the downstream badA-like domain region might 

be used as a ‘toolbox’ for rearrangements in the badA gene. Overall, it is suggested that badA-

domain duplications, insertions, and/or deletions are the result of active phase variation via 

site-specific recombination and contribute to rapid host adaptation in the scope of 

pathogenicity, immune evasion, and/or enhanced long-term colonisation.  

The model strain B. henselae Marseille expresses a badA gene that includes 30 repetitive 

neck/stalk domains, each consisting of several predicted structural motifs. To further elucidate 

the motif sequences that mediate fibronectin binding, various modified badA constructs were 

generated. Their ability to bind fibronectin was assessed via whole-cell ELISA and 

fluorescence microscopy. In conclusion, it is suggested that BadA adheres to fibronectin in a 

cumulative fashion with quick saturation via unpaired β-strands appearing in structural motifs 

present in BadA neck/stalk domains 19, 27, and other homologous domains. Furthermore, 

antibodies targeting a 15-mer amino acid sequence in the DALL motif of BadA neck/stalk 

domain 27 were able to reduce fibronectin binding of the B. henselae mutant strain S27. 

Moreover, this DALL motif sequence is conserved in the genome of all analysed B. henselae 

strains. The identification of common binding motifs between BadA and fibronectin supports 

the development of new anti-adhesive compounds that might inhibit the initial adherence of 

B. henselae and other TAA-producing pathogens during infection.  
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Zusammenfassung 

Einleitung 

Die Adhäsion von Infektionserregern an Wirtszellen ist der erste und wichtigste Schritt bei 

Infektionen und wird bei Infektionen mit pathogenen gramnegativen Bakterien häufig durch 

trimere Autotransporter-Adhäsine (TAAs) vermittelt. TAA-exprimierende Bakterien sind die 

Verursacher vieler menschlicher Krankheiten, wie Katzenkratzkrankheit (hervorgerufen durch 

Bartonella henselae), Enterokolitis (hervorgerufen durch z.B. Yersinia enterocolitica), 

Meningitis (hervorgerufen durch z.B. Neisseria meningitis) und Blutstrominfektionen 

(hervorgerufen durch z.B. multiresistente Acinetobacter baumannii). Dementsprechend 

könnten auf TAA ausgerichtete Antiadhäsionsstrategien eine universelle Strategie in der 

Therapie vieler bakterieller Infektionen darstellen.  

TAAs weisen eine gemeinsame modulare Architektur auf, die eine lange N-terminale 

passenger Domäne und eine C-terminale Ankerdomäne beinhaltet. Das Yersinia-Adhäsin A 

(YadA) von Y. enterocolitica gilt als prototypisches TAA, während z.B. der Acinetobacter 

trimere Autotransporter (Ata) von A. baumannii, das Neisseria-Adhäsin A (NadA) von 

N. meningitidis und das Salmonella-Adhäsin A (SadA) von S. enterica andere bekannte 

Beispiele sind. Das modular aufgebaute Bartonella-Adhäsin A (BadA) ist eines der am besten 

charakterisierten TAAs und ist zur Untersuchung der Domänen-Funktions-Beziehung von 

TAAs in Infektionen sehr gut geeignet. Die passenger Domäne von BadA besteht aus einer 

Kopfdomäne und einer langen Hals-/Stielregion. Domänen aus der Hals-/Stielregion teilen sich 

spezifische Sequenzmotive mit charakteristischen Konformationen, die durch den domain 

dictionary-Ansatz des daTAA-Servers annotiert wurden, darunter FGG-Motive, coiled-coil-

Motive und DALL-Neck-Tandemkonnektoren.  

BadA vermittelt die Adhäsion von B. henselae an Wirtszellen und extrazelluläre Matrixproteine. 

B. henselae, der Erreger der Katzenkratzkrankheit, adhäriert mit seinen ca. 150-250 nm 

langen BadA-Adhäsinen an Fibronektin. Darüber hinaus wurde nachgewiesen, dass 

ausschließlich die BadA Hals-/Stielregion und nicht die Kopfdomäne für die Adhäsion von 

B. henselae an Fibronektin verantwortlich ist. Fibronektin ist nachweislich ein wichtiger erster 

Bindungspartner von B. henselae während der Infektion menschlicher Endothelzellen, und die 

BadA-Fibronektin-Interaktion erfolgt über die Heparin-bindenden Domänen. Fibronektin ist ein 

heterodimeres Glykoprotein, das auf der Zelloberfläche von Endothelzellen als fibrilläre Matrix 

(zelluläres Fibronektin) oder in Blut, Speichel und anderen Flüssigkeiten (Plasma Fibronektin) 

reichlich vorhanden ist, was es zu einem ausgezeichneten ersten Bindungspartner bei 

Infektionen von Blutgefäßen, Herzklappen oder im Falle eines Katzenkratzers in der 

menschlichen Haut macht. 
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Zielsetzung 

Bislang sind die genauen BadA Hals-/Stieldomänen oder Motive, die für die 

Fibronektinbindung verantwortlich sind, noch unbekannt. Außerdem muss zur Bestimmung 

spezifischer BadA-Bindungsmotive zunächst überprüft werden, ob solche Motive innerhalb der 

Spezies von B. henselae konserviert sind. Die zugrundeliegenden Wiederholungen auf der 

badA-Sequenzebene deuten auf häufige Genumlagerungen durch Rekombination hin, was 

eine korrekte Speziestypisierung oder phylogenetische Analyse schwierig macht. Darüber 

hinaus könnte die Lebensweise von B. henselae mit häufigen Übergängen vom Katzenfloh zur 

Katze und zu zufälligen menschlichen Wirten effiziente und schnelle Anpassungsstrategien 

erfordern. Außerdem wurde festgestellt, dass die Expression von badA unter Bedingungen, 

die der menschlichen Wirtszelle entsprechen hochreguliert und unter Bedingungen die denen 

des Katzenflohs entsprechen herunterreguliert wird. 

 

Ergebnisse und Diskussion  

Im Rahmen dieser Arbeit wurden die Genome mehrerer B. henselae-Stämme mit long-read-

Sequenzierungstechniken sequenziert, um Unterschiede im hochvariablen badA-Gen zu 

analysieren und die badA-Expression sowie die funktionelle Bindung an extrazelluläre 

Matrixproteine zu untersuchen. Die long-read-Sequenzierung mit PacBio liefert 20 bis 25 kb 

lange reads, die stark repetitive Abschnitte abdecken und einige Probleme bei der 

Genomassemblierung im Zusammenhang mit short-read-Sequenzierungsdaten umgehen. So 

wurde beispielsweise deutlich, dass B. henselae Marseille ein badA-Gen exprimiert, das 

tatsächlich aus 11.922 bp und 30 Hals-/Stieldomänen besteht, anstatt der früher ermittelten 

Länge von 9.249 bp und 22 Hals-/Stieldomänen. Es ist zu vermuten, dass bei der 

Assemblierung der short-read-Sanger-Sequenzierungsdaten zwei sich wiederholende 

Regionen von 1,4 kb bzw. 1,3 kb ausgelassen wurden. 

Humane, katzenartige, und laboradaptierte B. henselae-Isolate weisen also genomische und 

phänotypische Unterschiede auf. Durch die Analyse der Genome von acht B. henselae-

Stämmen mittels next-generation long-read-Sequenzierung wurde eine variable genomische 

badA-Insel mit einem diversifizierten und stark repetitiven badA-Gen identifiziert, das von 

badA-Pseudogenen flankiert wird. Darüber hinaus wurden zahlreiche flankierende Gene 

identifiziert, deren Einfluss auf die Regulierung der badA-Expression und -Modifikation jedoch 

noch erforscht werden muss. Die Vielfalt der badA-Insel deutet darauf hin, dass die 

nachgelagerte badA-ähnliche Domänenregion als Rekombinationspool für Umlagerungen in 

der Zusammensetzung des badA-Gens verwendet werden könnte. Insgesamt dürften 

Duplikationen, Insertionen und/oder Löschungen der badA-Domäne das Ergebnis einer 
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aktiven Phasenvariation durch Rekombinationen darstellen, die zu einer schnellen 

Wirtsanpassung beigetragen hat (z.B. in Bezug auf Pathogenität, Immunevasion, und/oder 

Kolonisierung).  

Insbesondere die BadA-Proteine von B. henselae Berlin-I und ATCC49882T var-2 

unterscheiden sich erheblich von den BadA-Proteinen anderer B. henselae-Stämme 

hinsichtlich ihrer Größe, der Anzahl der repetitiven Domänen und der gesamten 

Domänenorganisation. Das badA-Gen der Stämme Berlin-I und ATCC49882T var-2 könnte 

das Ergebnis eines Rekombinationsereignisses sein, bei dem ein großer Teil des badA-Gens 

und eine frühere badA-ähnliche Domänenregion deletiert und der erste Teil des badA-Gens 

mit dem letzten Teil einer früheren badA-ähnlichen Domänenregion kombiniert wurde. Ein 

ähnliches Rekombinationsereignis könnte in der badA-Insel von Stamm 88-64 Oklahoma 

stattgefunden haben, die einen großen Teil von badA mit dem letzten Teil einer früheren badA-

ähnlichen Domänenregion verbindet. Darüber hinaus könnte das aktuelle badA-Gen der 

Stämme Marseille und FR96/BK3 von einem gemeinsamen badA-Gen (z.B. dem badA-Gen 

von Stamm G-5436) abstammen, das mehrere Rekombinationen durchlaufen hat. Hinweise 

darauf liefert das Vorhandensein mehrerer badA-Hals-/Stieldomänen-Wiederholungen, die nur 

einmal im badA-Gen von Stamm G-5436 vorhanden sind. Es scheint, dass B. henselae 

G-5436 der evolutionäre Vorfahre der in dieser Arbeit analysierten Stämme ist. 

Trotz der beobachteten Variationen in der Zusammensetzung von badA sind bestimmte Hals-

/Stielbereiche in allen untersuchten badA-Gensequenzen konserviert. Zur Klärung der 

Motivsequenzen, die die Fibronektinbindung vermitteln, wurden verschiedene verkürzte und 

modifizierte badA-Konstrukte erzeugt und in B. henselae Marseille ∆BadA-T exprimiert. Die 

Expression aller verkürzten und modifizierten badA-Mutanten wurde durch Western blotting, 

Immunfluoreszenzmikroskopie, konfokale laser-scanning-Mikroskopie und Transmissions 

Elektronenmikroskopie überprüft. Die Fähigkeit entsprechender badA-Mutanten-

exprimierender B. henselae Stämme, humanes Fibronektin zu binden, wurde mittels Ganzzell-

ELISA untersucht und durch Fluoreszenzmikroskopie verifiziert. Generell zeigten alle 

untersuchten B. henselae Marseille ∆BadA-T-Mutantenstämme eine deutlich geringere 

Fibronektinbindung im Vergleich zum Wildtyp-Stamms Marseille. 

Trotz der Deletion von 26 badA Hals-/Stieldomänen zeigten die Stämme S27 und D19S28 

eine relativ hohe Fibronektinbindung (ca. 80 %) im Vergleich zur Fibronektinbindung des 

Wildtyp-Stamms Marseille. Im Gegensatz dazu zeigte der Stamm S28 im Vergleich zu den 

Stämmen S27 und D19S28 eine deutlich geringere Fibronektinbindung, obwohl ihm nur eine 

badA Hals-/Stieldomäne fehlt. Daher kann angenommen werden, dass die BadA Hals-

/Stieldomänen 19 und 27 wichtige Regionen für die anfängliche Bindung von B. henselae an 

Fibronektin sind. Die BadA Hals-/Stieldomänen 6 und 10 sind homolog zu Domäne 27, 
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während die Domänen 15 und 23 homolog zu Domäne 19 sind. Darüber hinaus zeigte der 

Stamm D27S29 im Vergleich zum Stamm S29 eine deutlich höhere Fibronektinbindung, 

obwohl er nur die zusätzliche BadA Hals-/Stieldomäne 27 enthielt, was die wichtige Rolle der 

Domäne 27 bei der Adhäsion von BadA an Fibronektin bestätigt.  

Die Domänen 19 und 27 haben eine sehr ähnliche DALL-Hals-Tandemverbindung. Darüber 

hinaus wird vorhergesagt, dass das DALL-Motiv aus zwei β-Strängen besteht, die eine 

Haarnadelstruktur bilden. Dies gilt als optimale Interaktionsstelle für die Adhäsion an die 

zahlreichen ungepaarten β-Stränge, die in Fibronektin vorhanden sind. Um die Rolle der 

DALL-Motive bei der Bindung von Fibronektin zu analysieren, wurden anti-BadA-DALL-

Antikörpern erzeugt, die eine 15-mer Peptidsequenz (RHEKSKLEKGASKAI) aus dem DALL-

Motiv der Domäne 27 erkennen. Die schrittweise Erhöhung der Menge von anti-BadA-DALL-

Antikörpern führte zu einer korrelierenden Abnahme des an den Stamm S27 gebundenen 

Fibronektin, was darauf hindeutet, dass die 15-mer-Sequenz des DALL-Motivs der Domäne 27 

an der Fibronektinbindung wesentlich beteiligt ist und als druggable target im Sinne der 

Verhinderung der Adhäsion an Wirtszellen in Frage kommen könnte. Eine stärkere Abnahme 

der Fibronektinbindung wurde bei der Verwendung von anti-BadA-Antikörpern beobachtet, die 

gegen das ganze BadA gerichtet waren. Die genaue Antikörperkonzentration und die BadA-

Zielorte sind jedoch unbekannt. 

Es kann vermutet werden, dass BadA an Fibronektin auf kumulative Weise mit schneller 

Sättigung über ungepaarte β-Stränge adhäriert, die in repetitiven strukturellen Motiven in den 

BadA Hals-/Stieldomänen 19, 27 und anderen homologen Domänen vorhanden sind. 

Antikörper, die eine 15-mer Aminosäuresequenz aus dem DALL-Motiv der BadA Hals-

/Stieldomäne 27 erkennen, reduzierten die Fibronektinbindung. Diese DALL-Motivsequenz 

liegt in den badA-Sequenzen aller in dieser Arbeit analysierten B. henselae Stämme 

konserviert vor. Die Identifizierung gemeinsamer Bindungsmotive zwischen BadA und 

Fibronektin unterstützt die Entwicklung neuer antiadhäsiver Therapiestrategien, die die 

anfängliche Adhäsion von B. henselae und anderen TAA-exprimierenden Humanpathogenen 

während der initialen Phase einer Infektion hemmen könnten. 
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Data availability 

The genome sequences of all sequenced B. henselae strains, together with their 

corresponding Sequence Read Archive data, have been deposited in the NCBI GenBank 

database under BioProject PRJNA720375 with the following genome accession numbers: 

CP072904 (Marseille), CP072903 (ATCC49882T var-1), CP072902 (ATCC49882T var-2), 

CP072901 (Berlin-I), CP072900 (G-5436), CP072899 (88-64 Oklahoma), CP072898 

(FR96/BK38), and CP072897 (FR96/BK3).  

The badA gene sequence from B. henselae Marseille was deposited separately under the 

GenBank accession number MK993576. The genome sequence of B. alsatica strain IBS 382 

(CIP 105477), together with the corresponding Sequence Read Archive data, was deposited 

in the NCBI GenBank database under BioProject PRJNA641327 with the GenBank accession 

number CP058235.  
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Supplementary figures 

 

Suppl. Figure 1. Mass spectrometry analysis of isolated BadA fibres from B. henselae Marseille. 
For immunisation of rabbits, high MW BadA fibres from B. henselae Marseille were isolated and 
identified as BadA proteins using MS analysis. Grey highlighted sequences are MS-identified peptides, 
with a total of 154 peptide hits of which 84 are unique peptides (MS and preparative steps were 
performed by Sounak Chowdhury, PhD, from Lund University, Sweden). 
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KDETGGINYASVTLGKGKDSAAVTLHNVADGSISKDSRDAINGSQIYSLNEQLATYFGGGAKYENGQWTAPIFKVKTVKEDGEEEEKTYQN
VAEALTGVGTSFTNIKSEITKQIANEISSVTGDSLVKKDLATNLITIGKEVAGTEINIASVSKADRTLSGVKEAVKDNEAVNKGQLDTNIK
KVEDKLTEAVGKVTQQVKGDALLWSNEDNAFVADHGKDSAKTKSKITHLLDGNIASGSTDAVTGGQLYSLNEQLATYFGGGAKYENGQWTA
PTFKVKTVNGEGKEEEQTYQNVAEALTGVGASFMNVQNKITNEITNQVNNAITKVEGDSLVKQDNLGIITLGKERGGLKVDFANRDGLDRT
LSGVKEAVNDNEAVNKGQLDADISKVNNNVTNKFNELTQNITNVTQQVKGDALLWSDEANAFVARHEKSKLEKGVSKATQENSKITYLLDG
DISKGSTDAVTGGQLYSLNEQLATYFGGGAKYENGQWTAPTFKVKTVNGEGKEEEQTYQNVAAAFEGVGTSFTNIKSEITKQINNEIINVK
GDSLVKRDLATNLITIGKEIEGSVINIANKSGEARTISGVKEAVKDNEAVNKGQLDTNIKKVEDKLTEAVGKVTQQVKGDALLWSNEDNAF
VADHGKDSAKTKSKITHLLDGNIASGSTDAVTGGQLYSLNEQLATYFGGGAKYENGQWTAPTFKVKTVNGEGKEEEKTYQNVAAAFEGVGT
SFTNIKSEITKQIANEISNVTGDSLVKKDLDTNLITIGKEIAGTEINIASVSKADRTLSGVKEAVNDNEAVNKGQLDANISKVNNNVTNKF
NELTQSITNVTQQVKGDALLWSDEANAFVARHEKSKLEKGVSKATQENSKITYLLDGDISKGSTDAVTGGQLYSLNEQLATYFGGGAKYEN
GQWTAPTFKVKTVNGEGKEEEQTYQNVAAAFEGVGTSFTNIKSEITKQINNEIINVKGDSLVKRDLATNLITIGKEIEGSVINIANKSGEA
RTISGVKEAVKDNEAVNKGQLDTNIKKVEDKLTEAVGKVTQQVKGDALLWSNEDNAFVADHGKDSAKTKSKITHLLDGNIASGSTDAVTGG
QLYSLNEQLATYFGGGAKYENGQWTAPTFKVKTVNGEGKEEEKTYQNVAAAFEGVGTSFTNIKSEITKQIANEISNVTGDSLVKKDLDTNL
ITIGKEIAGTEINIASVSKADRTLSGVKEAVNDNEAVNKGQLDANISKVNNNVTNKFNELTQSITNVTQQVKGDALLWSDEANAFVARHEK
SKLEKGVSKATQENSKITYLLDGDISKGSTDAVTGGQLYSLNEQLATYFGGGAKYENGQWTAPTFKVKTVNGEGKEEEQTYQNVAAAFEGV
GTSFTNIKSEITKQINNEIINVKGDSLVKRDLATNLITIGKEIEGSVINIANKSGEARTISGVKEAVKDNEAVNKGQLDTNIKKVEDKLTE
AVGKVTQQVKGDALLWSNEDNAFVADHGKDSAKTKSKITHLLDGNIASGSTDAVTGGQLYSLNEQLATYFGGGAKYENGQWTAPTFKVKTV
NGEGKEEEKTYQNVAAAFEGVGTSFTHVKNEITKQINHLQSDDSAVVHYDKDDKNGSINYASVTLGKGKDSAAVALHNVADGSISKDSHDA
INGGQIHTIGEDVAKFLGGDAAFKDGAFTGPTYKLSNIDAKGDVQQSEFKDIGSAFAGLDTNIKNVNNNVTNKLSELTQNITTVTQQVKGN
ALLWSDEANAFVARHEKSKLEKGASKAIQENSKITYLLDGDVSKGSTDAVTGGQLYSMSNMLATYLGGNAKYENGEWTAPTFKVKTVNGEG
KEEEQTYQNVAEALTGVGTSFTNIKSEIAKQINHLQSDDSAVIHYDKNKDETGTINYASVTLGKGEDSAAVALHNVAAGNIAKDSRDAING
SQLYSLNEQLLTYFGGDAGYKDGQWIAPKFHVLQFKSDGSSGEKESYDNVAAAFEGVNKSLAGMNERINNVTAGQNVSSSSLNWNETEGGY
DARHNGVDSKLTHVENGDVSEKSKEAVNGSQLWNTNEKVEAVEKDVKNIEKKVQDIATVADSAVKYEKDSTGKKTNVIKLVGGSESEPVLI
DNVADGKIEADSKQAVNGGQLRDYTEKQMKIVLDDAKKYTDERFNDVVNNGINEAKAYTDVKFEALSYTVEEVRKEARQAAAIGLAVSNLR
YYDIPGSLSLSFGTGIWRSQSAFAIGAGYTSEDGNIRSNLSITSSGGQWGVGAGITLRLK 
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Suppl. Figure 2. Synthesised and truncated badA gene and BadA protein HN2S27 sequences. 
The grey highlighted region translates to the truncated BadA HN2S27 protein sequence shown directly 
underneath. The underlined sequence represents the cleaved-off signal sequence during transport into 
the periplasm. Yellow highlighted nt and aa depict the transition site of combined badA regions. 

badA HN2S27 gene sequence 
 
CTGAATTTAGAGAGTGTAAGCTTTTATAGAAGCGTGCTGTTCTCTTTGAAAAGGAATGGTATTGTTCACAAAAAGTACTGTTTTTATTATG
AACTAAAAAAATTTATTTTTAGCTTGCTATTTTACTCAATAGAGGATAGTGATACAGAAGGTATATCAGTATACTCATTTTAATTATAACT
TCAAAAGGGGAGGAAGTAATGCGTAAAAGACGAAACGCCACTCTAAAAGCAAATTTACATACCGCATCACACTCAATATAAAGAAACACTC
GTAACAGAAATCAACTAAGCATACAGATTTCTTTTAAATATTCTTCAAATTCTCTTATTATTAAGAAAAGATGCTCCTTAATGAAAAAATT
TTTTAATAAAACAGATAGCAATAAAAGAATGATTGAAATATTATTTAAACAACACCACCCTAACGTAAAACGTCTTAATATTTAAAACAGA
AAAATTCTTTTTTAAGTACACAACAAAAACAACCGCTCAACCCCTATTACAATCCAAATGCGCTATTTACACGCTTCCTACCAAGCTTTCG
CATTCAGATTTCATTACAGAAAGTACACACAAAATAAAAATAAAGACTCAAAACGTTCCCAATTTGACCACCCTCCTTATTTTAATCCTCA
TTACAAGGGAGTAGGTAATACTAAAATGTGTCTTTTTTATGTTTTGGATGTGCTTTGTAATTTTTTTCATTGGAGAATTTATTATGAAAAA
ATTATCTGTCACATCAAAGAGACAATATAATTTATATGCTTCGCCTATTTCTCGACGTTTATCTTTGTTAATGAAGCTCTCATTGGAAACT
GTAACAGTTATGTTCTTATTGGGTGCATCTCCTGTATTGGCTTCGAATCTTGCGCTTACAGGAGCAAAGAATCTGAGTCAAAACTCTCCAG
GTGTAAATTACTCTAAAGGTAGCCATGGTAGTATTGTTCTCTCTGGTGATGATGATTTTTGCGGTGCGGATTATGTTCTTGGTCGTGGAGG
CAATTCTACTGTACGTAATGGGATTCCAATAAGTGTAGAAGAAGAATATGAGAGATTTGTCAAACAAAAATTAATGAATAATGCTACTTCT
CCTTATAGTCAGAGTTCAGAGCAACAAGTTTGGACTGGTGATGGGCTAACAAGCAAAGGTTCGGGTTATATGGGAGGGAAGTCGACTGACG
GTGATAAAAATATCTTGCCTGAGGCTTATGGTATATATTCTTTTGCAACTGGTTGTGGTTCTTCTGCGCAGGGGAATTATTCAGTTGCATT
TGGTGCAAATGCAACTGCACTTACTGGGGGGTCGCAAGCTTTTGGTGTTGCTGCACTTGCAAGTGGAAGGGTAAGTGTTGCTATTGGTGTA
GGGTCAGAAGCGACGGGAGAGGCTGGAGTTTCTTTGGGTGGACTCTCAAAGGCAGCTGGTGCTCGTAGTGTTGCTATAGGGACGCGGGCTA
AAGCTCAGGGTGAAGAATCTATTGCGATAGGTAGTAGCGTAAAGAATGGTGATAAGGACGGTTCAGCTGTAGCGCAGGGTGCAAAAGCGAT
TGCTATAGGTTCTAATTCTATTAGTTTTCAGCACTATGCAGTTGCGGTTGGTGCTAAAGCCCATGCTCTTCTCTCGAAAACTGTTGCCTTG
GGTTATGATTCTGTTGCTGATGTTGATGCTGGCATTAGAGGTTATGATCCTGTGGAGGATGAGCCATCGAAAGACGTTAGTTTTGTATGGA
AAAGCTCTCTAGGTGCTGTTAGTGTTGGTAATCGTAAAGAAGGCTTAACGCGACAAATTATAGGAGTTGCAGCTGGTACTGAAGACACTGA
TGCAGTAAATGTTGCACAGCTAAAAGCATTAAGGGGAATGATATCAGAAAAAGGAGGTTGGAATCTTACTGTTAATAATGACAATAATACA
GTTGTTAGCTCAGGTGGTGCATTAGATTTGTCATCTGGAAGTAAAAATCTCAAAATTGTAAAAGATGGAAAAAAGAATAATGTAACCTTTG
ATGTCGCTAGGGATCTCACGTTAAAGAGCATAAAATTAGACGGTGTTACTTTAAATGAAACAGGTTTATTTATTGCAAACGGACCACAAAT
CACCGCTTCAGGTATTAATGCTGGTAGTCAAAAAATTACAGGCGTAGCAGAGGGTACTGATGCGAACGATGCAGTAAACTTTGGACAACTG
CATACAATCGGTGAGGATGTTGCAAAATTCTTGGGTGGAGATGCAGCTTTTAAAGATGGCGCTTTTACCGGCCCAACTTATAAGTTGTCGA
ATATTGATGCAAAGGGTGATGTACAACAGAGTGAGTTTAAAGATATAGGTTCAGCCTTTGCGGGTCTTGATACGAACATCAAGAATGTCAA
TAATAATGTAACGAATAAGCTCAGTGAACTTACTCAAAACATAACGACTGTTACGCAACAGGTAAAAGGCAATGCCTTATTATGGAGCGAT
GAAGCTAATGCCTTTGTGGCGCGTCATGAAAAGAGCAAGTTAGAAAAAGGTGCATCTAAAGCGATACAAGAAAACAGCAAGATTACGTATC
TGTTAGATGGTGATGTTTCGAAAGGTTCCACGGATGCCGTTACTGGTGGTCAGCTTTATTCAATGAGCAATATGCTTGCGACCTATTTGGG
TGGTAACGCTAAATATGAGAATGGTGAATGGACCGCACCTACCTTTAAGGTTAAAACAGTTAACGGTGAAGGCAAGGAAGAAGAGCAAACT
TATCAGAATGTAGCGGAAGCTTTGACTGGAGTTGGTACGTCTTTCACCAATATAAAAAGTGAGATTGCCAAACAGATTAATCATCTCCAGT
CTGATGATTCAGCGGTTATTCATTATGATAAGAATAAAGATGAAACTGGCACCATTAATTATGCGAGTGTAACTTTGGGTAAAGGTGAAGA
TTCTGCAGCTGTTGCCCTTCATAATGTCGCTGCAGGTAATATTGCTAAGGATTCACGTGATGCAATCAATGGTTCTCAGCTTTATTCTTTG
AACGAGCAGTTATTGACCTATTTTGGCGGTGATGCTGGCTATAAAGATGGGCAATGGATAGCTCCCAAGTTCCATGTTTTGCAGTTCAAGA
GTGATGGTAGTTCTGGTGAGAAGGAGAGCTATGATAATGTAGCGGCTGCGTTTGAAGGAGTTAACAAAAGTCTTGCAGGTATGAACGAGCG
TATTAATAATGTTACTGCTGGCCAGAATGTTTCGTCGAGCAGTTTAAATTGGAATGAGACGGAGGGAGGTTATGACGCTCGTCATAATGGT
GTGGACAGTAAGCTTACGCATGTAGAGAATGGTGACGTATCCGAAAAATCGAAAGAAGCCGTTAATGGAAGTCAACTATGGAATACGAATG
AGAAAGTTGAAGCGGTTGAGAAGGATGTAAAGAATATTGAGAAGAAGGTACAAGATATTGCTACAGTAGCAGATAGTGCTGTTAAGTATGA
GAAAGATAGTACTGGCAAGAAAACGAATGTAATCAAATTAGTTGGTGGGAGTGAAAGTGAGCCAGTATTGATAGACAATGTAGCGGATGGT
AAAATTGAAGCAGACTCTAAGCAGGCAGTCAATGGAGGTCAGTTGCGTGATTATACTGAGAAACAGATGAAGATAGTGCTTGATGATGCGA
AGAAATATACGGATGAACGCTTCAATGATGTCGTCAATAATGGTATTAATGAGGCTAAAGCTTATACAGATGTGAAGTTTGAGGCTTTAAG
TTACACTGTTGAGGAAGTCCGGAAAGAAGCAAGACAAGCAGCGGCTATTGGTTTAGCAGTATCTAACTTACGTTACTATGATATACCAGGA
TCTTTAAGTCTTTCATTTGGTACGGGTATATGGCGTAGTCAGTCTGCATTTGCTATTGGTGCTGGTTATACATCTGAAGATGGCAATATTC
GTTCTAATTTATCTATCACGAGTTCTGGTGGTCAGTGGGGAGTAGGCGCAGGGATTACTTTGAGACTGAAATGATAAAAAAACTAATATTA
TGATAGAAAAACGAAGTATTTTGATAAATATTCTGTTCTTCCTTGCCTTATTAGGCAAGGGAGAAAGTTTTGCTGATGAAAACGATAGTGT
TTATACGGTGCATCCACCGCATTTATCTATTCCTAATGGGGTAGCGGGTGAAACACGTCGAATCATCATGCAGTTTTATTATTGGACTTTA
ATTTGTGATGAAAAACAAAAGCTTAGGCAAGGCATATGTAATGTGACGCAAACTGTCCATGATAAGGAAGGCAATACTATTTTCAGTTGGT
CTCTTGTTTCTACGAAAAA 
 
 
BadA HN2S27 protein sequence 
 
MKKLSVTSKRQYNLYASPISRRLSLLMKLSLETVTVMFLLGASPVLASNLALTGAKNLSQNSPGVNYSKGSHGSIVLSGDDDFCGADYVLG
RGGNSTVRNGIPISVEEEYERFVKQKLMNNATSPYSQSSEQQVWTGDGLTSKGSGYMGGKSTDGDKNILPEAYGIYSFATGCGSSAQGNYS
VAFGANATALTGGSQAFGVAALASGRVSVAIGVGSEATGEAGVSLGGLSKAAGARSVAIGTRAKAQGEESIAIGSSVKNGDKDGSAVAQGA
KAIAIGSNSISFQHYAVAVGAKAHALLSKTVALGYDSVADVDAGIRGYDPVEDEPSKDVSFVWKSSLGAVSVGNRKEGLTRQIIGVAAGTE
DTDAVNVAQLKALRGMISEKGGWNLTVNNDNNTVVSSGGALDLSSGSKNLKIVKDGKKNNVTFDVARDLTLKSIKLDGVTLNETGLFIANG
PQITASGINAGSQKITGVAEGTDANDAVNFGQLHTIGEDVAKFLGGDAAFKDGAFTGPTYKLSNIDAKGDVQQSEFKDIGSAFAGLDTNIK
NVNNNVTNKLSELTQNITTVTQQVKGNALLWSDEANAFVARHEKSKLEKGASKAIQENSKITYLLDGDVSKGSTDAVTGGQLYSMSNMLAT
YLGGNAKYENGEWTAPTFKVKTVNGEGKEEEQTYQNVAEALTGVGTSFTNIKSEIAKQINHLQSDDSAVIHYDKNKDETGTINYASVTLGK
GEDSAAVALHNVAAGNIAKDSRDAINGSQLYSLNEQLLTYFGGDAGYKDGQWIAPKFHVLQFKSDGSSGEKESYDNVAAAFEGVNKSLAGM
NERINNVTAGQNVSSSSLNWNETEGGYDARHNGVDSKLTHVENGDVSEKSKEAVNGSQLWNTNEKVEAVEKDVKNIEKKVQDIATVADSAV
KYEKDSTGKKTNVIKLVGGSESEPVLIDNVADGKIEADSKQAVNGGQLRDYTEKQMKIVLDDAKKYTDERFNDVVNNGINEAKAYTDVKFE
ALSYTVEEVRKEARQAAAIGLAVSNLRYYDIPGSLSLSFGTGIWRSQSAFAIGAGYTSEDGNIRSNLSITSSGGQWGVGAGITLRLK- 
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Suppl. Figure 3. Synthesised and truncated badA gene and BadA protein S27 sequences. The 
grey highlighted region translates to the truncated BadA S27 protein sequence shown directly 
underneath. The underlined sequence represents the cleaved-off signal sequence during transport into 
the periplasm. Yellow highlighted nt and aa depict the transition site of combined badA regions. 

badA S27 gene sequence 
 
CTGAATTTAGAGAGTGTAAGCTTTTATAGAAGCGTGCTGTTCTCTTTGAAAAGGAATGGTATTGTTCACAAAAAGTACTGTTTTTATTATG
AACTAAAAAAATTTATTTTTAGCTTGCTATTTTACTCAATAGAGGATAGTGATACAGAAGGTATATCAGTATACTCATTTTAATTATAACT
TCAAAAGGGGAGGAAGTAATGCGTAAAAGACGAAACGCCACTCTAAAAGCAAATTTACATACCGCATCACACTCAATATAAAGAAACACTC
GTAACAGAAATCAACTAAGCATACAGATTTCTTTTAAATATTCTTCAAATTCTCTTATTATTAAGAAAAGATGCTCCTTAATGAAAAAATT
TTTTAATAAAACAGATAGCAATAAAAGAATGATTGAAATATTATTTAAACAACACCACCCTAACGTAAAACGTCTTAATATTTAAAACAGA
AAAATTCTTTTTTAAGTACACAACAAAAACAACCGCTCAACCCCTATTACAATCCAAATGCGCTATTTACACGCTTCCTACCAAGCTTTCG
CATTCAGATTTCATTACAGAAAGTACACACAAAATAAAAATAAAGACTCAAAACGTTCCCAATTTGACCACCCTCCTTATTTTAATCCTCA
TTACAAGGGAGTAGGTAATACTAAAATGTGTCTTTTTTATGTTTTGGATGTGCTTTGTAATTTTTTTCATTGGAGAATTTATTATGAAAAA
ATTATCTGTCACATCAAAGAGACAATATAATTTATATGCTTCGCCTATTTCTCGACGTTTATCTTTGTTAATGAAGCTCTCATTGGAAACT
GTAACAGTTATGTTCTTATTGGGTGCATCTCCTGTATTGGCTTCGAATCTTGCGGGACAGATTCATACAATCGGTGAGGATGTTGCAAAAT
TCTTGGGTGGAGATGCAGCTTTTAAAGATGGCGCTTTTACCGGCCCAACTTATAAGTTGTCGAATATTGATGCAAAGGGTGATGTACAACA
GAGTGAGTTTAAAGATATAGGTTCAGCCTTTGCGGGTCTTGATACGAACATCAAGAATGTCAATAATAATGTAACGAATAAGCTCAGTGAA
CTTACTCAAAACATAACGACTGTTACGCAACAGGTAAAAGGCAATGCCTTATTATGGAGCGATGAAGCTAATGCCTTTGTGGCGCGTCATG
AAAAGAGCAAGTTAGAAAAAGGTGCATCTAAAGCGATACAAGAAAACAGCAAGATTACGTATCTGTTAGATGGTGATGTTTCGAAAGGTTC
CACGGATGCCGTTACTGGTGGTCAGCTTTATTCAATGAGCAATATGCTTGCGACCTATTTGGGTGGTAACGCTAAATATGAGAATGGTGAA
TGGACCGCACCTACCTTTAAGGTTAAAACAGTTAACGGTGAAGGCAAGGAAGAAGAGCAAACTTATCAGAATGTAGCGGAAGCTTTGACTG
GAGTTGGTACGTCTTTCACCAATATAAAAAGTGAGATTGCCAAACAGATTAATCATCTCCAGTCTGATGATTCAGCGGTTATTCATTATGA
TAAGAATAAAGATGAAACTGGCACCATTAATTATGCGAGTGTAACTTTGGGTAAAGGTGAAGATTCTGCAGCTGTTGCCCTTCATAATGTC
GCTGCAGGTAATATTGCTAAGGATTCACGTGATGCAATCAATGGTTCTCAGCTTTATTCTTTGAACGAGCAGTTATTGACCTATTTTGGCG
GTGATGCTGGCTATAAAGATGGGCAATGGATAGCTCCCAAGTTCCATGTTTTGCAGTTCAAGAGTGATGGTAGTTCTGGTGAGAAGGAGAG
CTATGATAATGTAGCGGCTGCGTTTGAAGGAGTTAACAAAAGTCTTGCAGGTATGAACGAGCGTATTAATAATGTTACTGCTGGCCAGAAT
GTTTCGTCGAGCAGTTTAAATTGGAATGAGACGGAGGGAGGTTATGACGCTCGTCATAATGGTGTGGACAGTAAGCTTACGCATGTAGAGA
ATGGTGACGTATCCGAAAAATCGAAAGAAGCCGTTAATGGAAGTCAACTATGGAATACGAATGAGAAAGTTGAAGCGGTTGAGAAGGATGT
AAAGAATATTGAGAAGAAGGTACAAGATATTGCTACAGTAGCAGATAGTGCTGTTAAGTATGAGAAAGATAGTACTGGCAAGAAAACGAAT
GTAATCAAATTAGTTGGTGGGAGTGAAAGTGAGCCAGTATTGATAGACAATGTAGCGGATGGTAAAATTGAAGCAGACTCTAAGCAGGCAG
TCAATGGAGGTCAGTTGCGTGATTATACTGAGAAACAGATGAAGATAGTGCTTGATGATGCGAAGAAATATACGGATGAACGCTTCAATGA
TGTCGTCAATAATGGTATTAATGAGGCTAAAGCTTATACAGATGTGAAGTTTGAGGCTTTAAGTTACACTGTTGAGGAAGTCCGGAAAGAA
GCAAGACAAGCAGCGGCTATTGGTTTAGCAGTATCTAACTTACGTTACTATGATATACCAGGATCTTTAAGTCTTTCATTTGGTACGGGTA
TATGGCGTAGTCAGTCTGCATTTGCTATTGGTGCTGGTTATACATCTGAAGATGGCAATATTCGTTCTAATTTATCTATCACGAGTTCTGG
TGGTCAGTGGGGAGTAGGCGCAGGGATTACTTTGAGACTGAAATGATAAAAAAACTAATATTATGATAGAAAAACGAAGTATTTTGATAAA
TATTCTGTTCTTCCTTGCCTTATTAGGCAAGGGAGAAAGTTTTGCTGATGAAAACGATAGTGTTTATACGGTGCATCCACCGCATTTATCT
ATTCCTAATGGGGTAGCGGGTGAAACACGTCGAATCATCATGCAGTTTTATTATTGGACTTTAATTTGTGATGAAAAACAAAAGCTTAGGC
AAGGCATATGTAATGTGACGCAAACTGTCCATGATAAGGAAGGCAATACTATTTTCAGTTGGTCTCTTGTTTCTACGAAAAA 
 
 
BadA S27 protein sequence 
 
MKKLSVTSKRQYNLYASPISRRLSLLMKLSLETVTVMFLLGASPVLASNLAGQIHTIGEDVAKFLGGDAAFKDGAFTGPTYKLSNIDAKGD
VQQSEFKDIGSAFAGLDTNIKNVNNNVTNKLSELTQNITTVTQQVKGNALLWSDEANAFVARHEKSKLEKGASKAIQENSKITYLLDGDVS
KGSTDAVTGGQLYSMSNMLATYLGGNAKYENGEWTAPTFKVKTVNGEGKEEEQTYQNVAEALTGVGTSFTNIKSEIAKQINHLQSDDSAVI
HYDKNKDETGTINYASVTLGKGEDSAAVALHNVAAGNIAKDSRDAINGSQLYSLNEQLLTYFGGDAGYKDGQWIAPKFHVLQFKSDGSSGE
KESYDNVAAAFEGVNKSLAGMNERINNVTAGQNVSSSSLNWNETEGGYDARHNGVDSKLTHVENGDVSEKSKEAVNGSQLWNTNEKVEAVE
KDVKNIEKKVQDIATVADSAVKYEKDSTGKKTNVIKLVGGSESEPVLIDNVADGKIEADSKQAVNGGQLRDYTEKQMKIVLDDAKKYTDER
FNDVVNNGINEAKAYTDVKFEALSYTVEEVRKEARQAAAIGLAVSNLRYYDIPGSLSLSFGTGIWRSQSAFAIGAGYTSEDGNIRSNLSIT
SSGGQWGVGAGITLRLK- 
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Suppl. Figure 4. Synthesised and truncated badA gene and BadA protein S28 sequences. The 
grey highlighted region translates to the truncated BadA S28 protein sequence shown directly 
underneath. The underlined sequence represents the cleaved-off signal sequence during transport into 
the periplasm. Yellow highlighted nt and aa depict the transition site of combined badA regions. 

  

badA S28 gene sequence 
 
CTGAATTTAGAGAGTGTAAGCTTTTATAGAAGCGTGCTGTTCTCTTTGAAAAGGAATGGTATTGTTCACAAAAAGTACTGTTTTTATTATG
AACTAAAAAAATTTATTTTTAGCTTGCTATTTTACTCAATAGAGGATAGTGATACAGAAGGTATATCAGTATACTCATTTTAATTATAACT
TCAAAAGGGGAGGAAGTAATGCGTAAAAGACGAAACGCCACTCTAAAAGCAAATTTACATACCGCATCACACTCAATATAAAGAAACACTC
GTAACAGAAATCAACTAAGCATACAGATTTCTTTTAAATATTCTTCAAATTCTCTTATTATTAAGAAAAGATGCTCCTTAATGAAAAAATT
TTTTAATAAAACAGATAGCAATAAAAGAATGATTGAAATATTATTTAAACAACACCACCCTAACGTAAAACGTCTTAATATTTAAAACAGA
AAAATTCTTTTTTAAGTACACAACAAAAACAACCGCTCAACCCCTATTACAATCCAAATGCGCTATTTACACGCTTCCTACCAAGCTTTCG
CATTCAGATTTCATTACAGAAAGTACACACAAAATAAAAATAAAGACTCAAAACGTTCCCAATTTGACCACCCTCCTTATTTTAATCCTCA
TTACAAGGGAGTAGGTAATACTAAAATGTGTCTTTTTTATGTTTTGGATGTGCTTTGTAATTTTTTTCATTGGAGAATTTATTATGAAAAA
ATTATCTGTCACATCAAAGAGACAATATAATTTATATGCTTCGCCTATTTCTCGACGTTTATCTTTGTTAATGAAGCTCTCATTGGAAACT
GTAACAGTTATGTTCTTATTGGGTGCATCTCCTGTATTGGCTTCGAATCTTGCGGGTCAGCTTTATTCAATGAGCAATATGCTTGCGACCT
ATTTGGGTGGTAACGCTAAATATGAGAATGGTGAATGGACCGCACCTACCTTTAAGGTTAAAACAGTTAACGGTGAAGGCAAGGAAGAAGA
GCAAACTTATCAGAATGTAGCGGAAGCTTTGACTGGAGTTGGTACGTCTTTCACCAATATAAAAAGTGAGATTGCCAAACAGATTAATCAT
CTCCAGTCTGATGATTCAGCGGTTATTCATTATGATAAGAATAAAGATGAAACTGGCACCATTAATTATGCGAGTGTAACTTTGGGTAAAG
GTGAAGATTCTGCAGCTGTTGCCCTTCATAATGTCGCTGCAGGTAATATTGCTAAGGATTCACGTGATGCAATCAATGGTTCTCAGCTTTA
TTCTTTGAACGAGCAGTTATTGACCTATTTTGGCGGTGATGCTGGCTATAAAGATGGGCAATGGATAGCTCCCAAGTTCCATGTTTTGCAG
TTCAAGAGTGATGGTAGTTCTGGTGAGAAGGAGAGCTATGATAATGTAGCGGCTGCGTTTGAAGGAGTTAACAAAAGTCTTGCAGGTATGA
ACGAGCGTATTAATAATGTTACTGCTGGCCAGAATGTTTCGTCGAGCAGTTTAAATTGGAATGAGACGGAGGGAGGTTATGACGCTCGTCA
TAATGGTGTGGACAGTAAGCTTACGCATGTAGAGAATGGTGACGTATCCGAAAAATCGAAAGAAGCCGTTAATGGAAGTCAACTATGGAAT
ACGAATGAGAAAGTTGAAGCGGTTGAGAAGGATGTAAAGAATATTGAGAAGAAGGTACAAGATATTGCTACAGTAGCAGATAGTGCTGTTA
AGTATGAGAAAGATAGTACTGGCAAGAAAACGAATGTAATCAAATTAGTTGGTGGGAGTGAAAGTGAGCCAGTATTGATAGACAATGTAGC
GGATGGTAAAATTGAAGCAGACTCTAAGCAGGCAGTCAATGGAGGTCAGTTGCGTGATTATACTGAGAAACAGATGAAGATAGTGCTTGAT
GATGCGAAGAAATATACGGATGAACGCTTCAATGATGTCGTCAATAATGGTATTAATGAGGCTAAAGCTTATACAGATGTGAAGTTTGAGG
CTTTAAGTTACACTGTTGAGGAAGTCCGGAAAGAAGCAAGACAAGCAGCGGCTATTGGTTTAGCAGTATCTAACTTACGTTACTATGATAT
ACCAGGATCTTTAAGTCTTTCATTTGGTACGGGTATATGGCGTAGTCAGTCTGCATTTGCTATTGGTGCTGGTTATACATCTGAAGATGGC
AATATTCGTTCTAATTTATCTATCACGAGTTCTGGTGGTCAGTGGGGAGTAGGCGCAGGGATTACTTTGAGACTGAAATGATAAAAAAACT
AATATTATGATAGAAAAACGAAGTATTTTGATAAATATTCTGTTCTTCCTTGCCTTATTAGGCAAGGGAGAAAGTTTTGCTGATGAAAACG
ATAGTGTTTATACGGTGCATCCACCGCATTTATCTATTCCTAATGGGGTAGCGGGTGAAACACGTCGAATCATCATGCAGTTTTATTATTG
GACTTTAATTTGTGATGAAAAACAAAAGCTTAGGCAAGGCATATGTAATGTGACGCAAACTGTCCATGATAAGGAAGGCAATACTATTTTC
AGTTGGTCTCTTGTTTCTACGAAAAA 
 
 
BadA S28 protein sequence 
 
MKKLSVTSKRQYNLYASPISRRLSLLMKLSLETVTVMFLLGASPVLASNLAGQLYSMSNMLATYLGGNAKYENGEWTAPTFKVKTVNGEGK
EEEQTYQNVAEALTGVGTSFTNIKSEIAKQINHLQSDDSAVIHYDKNKDETGTINYASVTLGKGEDSAAVALHNVAAGNIAKDSRDAINGS
QLYSLNEQLLTYFGGDAGYKDGQWIAPKFHVLQFKSDGSSGEKESYDNVAAAFEGVNKSLAGMNERINNVTAGQNVSSSSLNWNETEGGYD
ARHNGVDSKLTHVENGDVSEKSKEAVNGSQLWNTNEKVEAVEKDVKNIEKKVQDIATVADSAVKYEKDSTGKKTNVIKLVGGSESEPVLID
NVADGKIEADSKQAVNGGQLRDYTEKQMKIVLDDAKKYTDERFNDVVNNGINEAKAYTDVKFEALSYTVEEVRKEARQAAAIGLAVSNLRY
YDIPGSLSLSFGTGIWRSQSAFAIGAGYTSEDGNIRSNLSITSSGGQWGVGAGITLRLK- 
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Suppl. Figure 5. Synthesised and truncated badA gene and BadA protein S29 sequences. The 
grey highlighted region translates to the truncated BadA S29 protein sequence shown directly 
underneath. The underlined sequence represents the cleaved-off signal sequence during transport into 
the periplasm. Yellow highlighted nt and aa depict the transition site of combined badA regions. 

  

badA S29 gene sequence 
 
CTGAATTTAGAGAGTGTAAGCTTTTATAGAAGCGTGCTGTTCTCTTTGAAAAGGAATGGTATTGTTCACAAAAAGTACTGTTTTTATTATG
AACTAAAAAAATTTATTTTTAGCTTGCTATTTTACTCAATAGAGGATAGTGATACAGAAGGTATATCAGTATACTCATTTTAATTATAACT
TCAAAAGGGGAGGAAGTAATGCGTAAAAGACGAAACGCCACTCTAAAAGCAAATTTACATACCGCATCACACTCAATATAAAGAAACACTC
GTAACAGAAATCAACTAAGCATACAGATTTCTTTTAAATATTCTTCAAATTCTCTTATTATTAAGAAAAGATGCTCCTTAATGAAAAAATT
TTTTAATAAAACAGATAGCAATAAAAGAATGATTGAAATATTATTTAAACAACACCACCCTAACGTAAAACGTCTTAATATTTAAAACAGA
AAAATTCTTTTTTAAGTACACAACAAAAACAACCGCTCAACCCCTATTACAATCCAAATGCGCTATTTACACGCTTCCTACCAAGCTTTCG
CATTCAGATTTCATTACAGAAAGTACACACAAAATAAAAATAAAGACTCAAAACGTTCCCAATTTGACCACCCTCCTTATTTTAATCCTCA
TTACAAGGGAGTAGGTAATACTAAAATGTGTCTTTTTTATGTTTTGGATGTGCTTTGTAATTTTTTTCATTGGAGAATTTATTATGAAAAA
ATTATCTGTCACATCAAAGAGACAATATAATTTATATGCTTCGCCTATTTCTCGACGTTTATCTTTGTTAATGAAGCTCTCATTGGAAACT
GTAACAGTTATGTTCTTATTGGGTGCATCTCCTGTATTGGCTTCGAATCTTGCGTCTCAGCTTTATTCTTTGAACGAGCAGTTATTGACCT
ATTTTGGCGGTGATGCTGGCTATAAAGATGGGCAATGGATAGCTCCCAAGTTCCATGTTTTGCAGTTCAAGAGTGATGGTAGTTCTGGTGA
GAAGGAGAGCTATGATAATGTAGCGGCTGCGTTTGAAGGAGTTAACAAAAGTCTTGCAGGTATGAACGAGCGTATTAATAATGTTACTGCT
GGCCAGAATGTTTCGTCGAGCAGTTTAAATTGGAATGAGACGGAGGGAGGTTATGACGCTCGTCATAATGGTGTGGACAGTAAGCTTACGC
ATGTAGAGAATGGTGACGTATCCGAAAAATCGAAAGAAGCCGTTAATGGAAGTCAACTATGGAATACGAATGAGAAAGTTGAAGCGGTTGA
GAAGGATGTAAAGAATATTGAGAAGAAGGTACAAGATATTGCTACAGTAGCAGATAGTGCTGTTAAGTATGAGAAAGATAGTACTGGCAAG
AAAACGAATGTAATCAAATTAGTTGGTGGGAGTGAAAGTGAGCCAGTATTGATAGACAATGTAGCGGATGGTAAAATTGAAGCAGACTCTA
AGCAGGCAGTCAATGGAGGTCAGTTGCGTGATTATACTGAGAAACAGATGAAGATAGTGCTTGATGATGCGAAGAAATATACGGATGAACG
CTTCAATGATGTCGTCAATAATGGTATTAATGAGGCTAAAGCTTATACAGATGTGAAGTTTGAGGCTTTAAGTTACACTGTTGAGGAAGTC
CGGAAAGAAGCAAGACAAGCAGCGGCTATTGGTTTAGCAGTATCTAACTTACGTTACTATGATATACCAGGATCTTTAAGTCTTTCATTTG
GTACGGGTATATGGCGTAGTCAGTCTGCATTTGCTATTGGTGCTGGTTATACATCTGAAGATGGCAATATTCGTTCTAATTTATCTATCAC
GAGTTCTGGTGGTCAGTGGGGAGTAGGCGCAGGGATTACTTTGAGACTGAAATGATAAAAAAACTAATATTATGATAGAAAAACGAAGTAT
TTTGATAAATATTCTGTTCTTCCTTGCCTTATTAGGCAAGGGAGAAAGTTTTGCTGATGAAAACGATAGTGTTTATACGGTGCATCCACCG
CATTTATCTATTCCTAATGGGGTAGCGGGTGAAACACGTCGAATCATCATGCAGTTTTATTATTGGACTTTAATTTGTGATGAAAAACAAA
AGCTTAGGCAAGGCATATGTAATGTGACGCAAACTGTCCATGATAAGGAAGGCAATACTATTTTCAGTTGGTCTCTTGTTTCTACGAAAAA 
 
 
BadA S29 protein sequence 
 
MKKLSVTSKRQYNLYASPISRRLSLLMKLSLETVTVMFLLGASPVLASNLASQLYSLNEQLLTYFGGDAGYKDGQWIAPKFHVLQFKSDGS
SGEKESYDNVAAAFEGVNKSLAGMNERINNVTAGQNVSSSSLNWNETEGGYDARHNGVDSKLTHVENGDVSEKSKEAVNGSQLWNTNEKVE
AVEKDVKNIEKKVQDIATVADSAVKYEKDSTGKKTNVIKLVGGSESEPVLIDNVADGKIEADSKQAVNGGQLRDYTEKQMKIVLDDAKKYT
DERFNDVVNNGINEAKAYTDVKFEALSYTVEEVRKEARQAAAIGLAVSNLRYYDIPGSLSLSFGTGIWRSQSAFAIGAGYTSEDGNIRSNL
SITSSGGQWGVGAGITLRLK- 
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Suppl. Figure 6. Synthesised and truncated badA gene and BadA protein S30 sequences. The 
grey highlighted region translates to the truncated BadA S30 protein sequence shown directly 
underneath. The underlined sequence represents the cleaved-off signal sequence during transport into 
the periplasm. Yellow highlighted nt and aa depict the transition site of combined badA regions. 

  

badA S30 gene sequence 
 
CTGAATTTAGAGAGTGTAAGCTTTTATAGAAGCGTGCTGTTCTCTTTGAAAAGGAATGGTATTGTTCACAAAAAGTACTGTTTTTATTATG
AACTAAAAAAATTTATTTTTAGCTTGCTATTTTACTCAATAGAGGATAGTGATACAGAAGGTATATCAGTATACTCATTTTAATTATAACT
TCAAAAGGGGAGGAAGTAATGCGTAAAAGACGAAACGCCACTCTAAAAGCAAATTTACATACCGCATCACACTCAATATAAAGAAACACTC
GTAACAGAAATCAACTAAGCATACAGATTTCTTTTAAATATTCTTCAAATTCTCTTATTATTAAGAAAAGATGCTCCTTAATGAAAAAATT
TTTTAATAAAACAGATAGCAATAAAAGAATGATTGAAATATTATTTAAACAACACCACCCTAACGTAAAACGTCTTAATATTTAAAACAGA
AAAATTCTTTTTTAAGTACACAACAAAAACAACCGCTCAACCCCTATTACAATCCAAATGCGCTATTTACACGCTTCCTACCAAGCTTTCG
CATTCAGATTTCATTACAGAAAGTACACACAAAATAAAAATAAAGACTCAAAACGTTCCCAATTTGACCACCCTCCTTATTTTAATCCTCA
TTACAAGGGAGTAGGTAATACTAAAATGTGTCTTTTTTATGTTTTGGATGTGCTTTGTAATTTTTTTCATTGGAGAATTTATTATGAAAAA
ATTATCTGTCACATCAAAGAGACAATATAATTTATATGCTTCGCCTATTTCTCGACGTTTATCTTTGTTAATGAAGCTCTCATTGGAAACT
GTAACAGTTATGTTCTTATTGGGTGCATCTCCTGTATTGGCTTCGAATCTTGCGCTTACGCATGTAGAGAATGGTGACGTATCCGAAAAAT
CGAAAGAAGCCGTTAATGGAAGTCAACTATGGAATACGAATGAGAAAGTTGAAGCGGTTGAGAAGGATGTAAAGAATATTGAGAAGAAGGT
ACAAGATATTGCTACAGTAGCAGATAGTGCTGTTAAGTATGAGAAAGATAGTACTGGCAAGAAAACGAATGTAATCAAATTAGTTGGTGGG
AGTGAAAGTGAGCCAGTATTGATAGACAATGTAGCGGATGGTAAAATTGAAGCAGACTCTAAGCAGGCAGTCAATGGAGGTCAGTTGCGTG
ATTATACTGAGAAACAGATGAAGATAGTGCTTGATGATGCGAAGAAATATACGGATGAACGCTTCAATGATGTCGTCAATAATGGTATTAA
TGAGGCTAAAGCTTATACAGATGTGAAGTTTGAGGCTTTAAGTTACACTGTTGAGGAAGTCCGGAAAGAAGCAAGACAAGCAGCGGCTATT
GGTTTAGCAGTATCTAACTTACGTTACTATGATATACCAGGATCTTTAAGTCTTTCATTTGGTACGGGTATATGGCGTAGTCAGTCTGCAT
TTGCTATTGGTGCTGGTTATACATCTGAAGATGGCAATATTCGTTCTAATTTATCTATCACGAGTTCTGGTGGTCAGTGGGGAGTAGGCGC
AGGGATTACTTTGAGACTGAAATGATAAAAAAACTAATATTATGATAGAAAAACGAAGTATTTTGATAAATATTCTGTTCTTCCTTGCCTT
ATTAGGCAAGGGAGAAAGTTTTGCTGATGAAAACGATAGTGTTTATACGGTGCATCCACCGCATTTATCTATTCCTAATGGGGTAGCGGGT
GAAACACGTCGAATCATCATGCAGTTTTATTATTGGACTTTAATTTGTGATGAAAAACAAAAGCTTAGGCAAGGCATATGTAATGTGACGC
AAACTGTCCATGATAAGGAAGGCAATACTATTTTCAGTTGGTCTCTTGTTTCTACGAAAAA 
 
 
 
BadA S30 protein sequence 
 
MKKLSVTSKRQYNLYASPISRRLSLLMKLSLETVTVMFLLGASPVLASNLALTHVENGDVSEKSKEAVNGSQLWNTNEKVEAVEKDVKNIE
KKVQDIATVADSAVKYEKDSTGKKTNVIKLVGGSESEPVLIDNVADGKIEADSKQAVNGGQLRDYTEKQMKIVLDDAKKYTDERFNDVVNN
GINEAKAYTDVKFEALSYTVEEVRKEARQAAAIGLAVSNLRYYDIPGSLSLSFGTGIWRSQSAFAIGAGYTSEDGNIRSNLSITSSGGQWG
VGAGITLRLK- 



Supplementary information   111 
 

 

Suppl. Figure 7. Synthesised and truncated badA gene and BadA protein D16S28 sequences. 
The grey highlighted region translates to the truncated BadA D16S28 protein sequence shown directly 
underneath. The underlined sequence represents the cleaved-off signal sequence during transport into 
the periplasm. Yellow highlighted nt and aa depict the transition site of combined badA regions. 

  

badA D16S28 gene sequence 
 
GAATTCCTGAATTTAGAGAGTGTAAGCTTTTATAGAAGCGTGCTGTTCTCTTTGAAAAGGAATGGTATTGTTCACAAAAAGTACTGTTTTT
ATTATGAACTAAAAAAATTTATTTTTAGCTTGCTATTTTACTCAATAGAGGATAGTGATACAGAAGGTATATCAGTATACTCATTTTAATT
ATAACTTCAAAAGGGGAGGAAGTAATGCGTAAAAGACGAAACGCCACTCTAAAAGCAAATTTACATACCGCATCACACTCAATATAAAGAA
ACACTCGTAACAGAAATCAACTAAGCATACAGATTTCTTTTAAATATTCTTCAAATTCTCTTATTATTAAGAAAAGATGCTCCTTAATGAA
AAAATTTTTTAATAAAACAGATAGCAATAAAAGAATGATTGAAATATTATTTAAACAACACCACCCTAACGTAAAACGTCTTAATATTTAA
AACAGAAAAATTCTTTTTTAAGTACACAACAAAAACAACCGCTCAACCCCTATTACAATCCAAATGCGCTATTTACACGCTTCCTACCAAG
CTTTCGCATTCAGATTTCATTACAGAAAGTACACACAAAATAAAAATAAAGACTCAAAACGTTCCCAATTTGACCACCCTCCTTATTTTAA
TCCTCATTACAAGGGAGTAGGTAATACTAAAATGTGTCTTTTTTATGTTTTGGATGTGCTTTGTAATTTTTTTCATTGGAGAATTTATTAT
GAAAAAATTATCTGTCACATCAAAGAGACAATATAATTTATATGCTTCGCCTATTTCTCGACGTTTATCTTTGTTAATGAAGCTCTCATTG
GAAACTGTAACAGTTATGTTCTTATTGGGTGCATCTCCTGTATTGGCTTCGAATCTTGCGGGTCAGCTTTATTCTCTGAACGAGCAACTTG
CGACCTATTTTGGCGGCGGTGCTAAGTACGAGAATGGCCAATGGACTGCACCTACCTTTAAGGTTAAAACAGTTAACGGTGAAGGCAAGGA
AGAAGAGCAGACTTATCAGAATGTAGCAGCAGCTTTTGAAGGAGTTGGTACGTCTTTCACCAATATAAAAAGTGAGATTACTAAACAGATT
AATAATGAGATTATCAATGTAAAAGGTGATAGTCTTGTTAAGAGAGATCTCGCTACGAATCTCATCACCATTGGTAAAGAAATAGAAGGCA
GTGTAATCAATATTGCTAATAAGAGTGGTGAAGCTCGGACCATTTCTGGTGTTAAGGAAGCAGTAAAAGATAATGAAGCTGTTAACAAAGG
GCAGCTTTATTCAATGAGCAATATGCTTGCGACCTATTTGGGTGGTAACGCTAAATATGAGAATGGTGAATGGACCGCACCTACCTTTAAG
GTTAAAACAGTTAACGGTGAAGGCAAGGAAGAAGAGCAAACTTATCAGAATGTAGCGGAAGCTTTGACTGGAGTTGGTACGTCTTTCACCA
ATATAAAAAGTGAGATTGCCAAACAGATTAATCATCTCCAGTCTGATGATTCAGCGGTTATTCATTATGATAAGAATAAAGATGAAACTGG
CACCATTAATTATGCGAGTGTAACTTTGGGTAAAGGTGAAGATTCTGCAGCTGTTGCCCTTCATAATGTCGCTGCAGGTAATATTGCTAAG
GATTCACGTGATGCAATCAATGGTTCTCAGCTTTATTCTTTGAACGAGCAGTTATTGACCTATTTTGGCGGTGATGCTGGCTATAAAGATG
GGCAATGGATAGCTCCCAAGTTCCATGTTTTGCAGTTCAAGAGTGATGGTAGTTCTGGTGAGAAGGAGAGCTATGATAATGTAGCGGCTGC
GTTTGAAGGAGTTAACAAAAGTCTTGCAGGTATGAACGAGCGTATTAATAATGTTACTGCTGGCCAGAATGTTTCGTCGAGCAGTTTAAAT
TGGAATGAGACGGAGGGAGGTTATGACGCTCGTCATAATGGTGTGGACAGTAAGCTTACGCATGTAGAGAATGGTGACGTATCCGAAAAAT
CGAAAGAAGCCGTTAATGGAAGTCAACTATGGAATACGAATGAGAAAGTTGAAGCGGTTGAGAAGGATGTAAAGAATATTGAGAAGAAGGT
ACAAGATATTGCTACAGTAGCAGATAGTGCTGTTAAGTATGAGAAAGATAGTACTGGCAAGAAAACGAATGTAATCAAATTAGTTGGTGGG
AGTGAAAGTGAGCCAGTATTGATAGACAATGTAGCGGATGGTAAAATTGAAGCAGACTCTAAGCAGGCAGTCAATGGAGGTCAGTTGCGTG
ATTATACTGAGAAACAGATGAAGATAGTGCTTGATGATGCGAAGAAATATACGGATGAACGCTTCAATGATGTCGTCAATAATGGTATTAA
TGAGGCTAAAGCTTATACAGATGTGAAGTTTGAGGCTTTAAGTTACACTGTTGAGGAAGTCCGGAAAGAAGCAAGACAAGCAGCGGCTATT
GGTTTAGCAGTATCTAACTTACGTTACTATGATATACCAGGATCTTTAAGTCTTTCATTTGGTACGGGTATATGGCGTAGTCAGTCTGCAT
TTGCTATTGGTGCTGGTTATACATCTGAAGATGGCAATATTCGTTCTAATTTATCTATCACGAGTTCTGGTGGTCAGTGGGGAGTAGGCGC
AGGGATTACTTTGAGACTGAAATGATAAAAAAACTAATATTATGATAGAAAAACGAAGTATTTTGATAAATATTCTGTTCTTCCTTGCCTT
ATTAGGCAAGGGAGAAAGTTTTGCTGATGAAAACGATAGTGTTTATACGGTGCATCCACCGCATTTATCTATTCCTAATGGGGTAGCGGGT
GAAACACGTCGAATCATCATGCAGTTTTATTATTGGACTTTAATTTGTGATGAAAAACAAAAGCTTAGGCAAGGCATATGTAATGTGACGC
AAACTGTCCATGATAAGGAAGGCAATACTATTTTCAGTTGGTCTCTTGTTTCTACGAAAAAGAATTC 
 
 
 
BadA D16S28 protein sequence 
 
MKKLSVTSKRQYNLYASPISRRLSLLMKLSLETVTVMFLLGASPVLASNLAGQLYSLNEQLATYFGGGAKYENGQWTAPTFKVKTVNGEGK
EEEQTYQNVAAAFEGVGTSFTNIKSEITKQINNEIINVKGDSLVKRDLATNLITIGKEIEGSVINIANKSGEARTISGVKEAVKDNEAVNK
GQLYSMSNMLATYLGGNAKYENGEWTAPTFKVKTVNGEGKEEEQTYQNVAEALTGVGTSFTNIKSEIAKQINHLQSDDSAVIHYDKNKDET
GTINYASVTLGKGEDSAAVALHNVAAGNIAKDSRDAINGSQLYSLNEQLLTYFGGDAGYKDGQWIAPKFHVLQFKSDGSSGEKESYDNVAA
AFEGVNKSLAGMNERINNVTAGQNVSSSSLNWNETEGGYDARHNGVDSKLTHVENGDVSEKSKEAVNGSQLWNTNEKVEAVEKDVKNIEKK
VQDIATVADSAVKYEKDSTGKKTNVIKLVGGSESEPVLIDNVADGKIEADSKQAVNGGQLRDYTEKQMKIVLDDAKKYTDERFNDVVNNGI
NEAKAYTDVKFEALSYTVEEVRKEARQAAAIGLAVSNLRYYDIPGSLSLSFGTGIWRSQSAFAIGAGYTSEDGNIRSNLSITSSGGQWGVG
AGITLRLK- 
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Suppl. Figure 8. Synthesised and truncated badA gene and BadA protein D19S28 sequences. 
The grey highlighted region translates to the truncated BadA D19S28 protein sequence shown directly 
underneath. The underlined sequence represents the cleaved-off signal sequence during transport into 
the periplasm. Yellow highlighted nt and aa depict the transition site of combined badA regions. 

  

badA D19S28 gene sequence 
 
GAATTCCTGAATTTAGAGAGTGTAAGCTTTTATAGAAGCGTGCTGTTCTCTTTGAAAAGGAATGGTATTGTTCACAAAAAGTACTGTTTTT
ATTATGAACTAAAAAAATTTATTTTTAGCTTGCTATTTTACTCAATAGAGGATAGTGATACAGAAGGTATATCAGTATACTCATTTTAATT
ATAACTTCAAAAGGGGAGGAAGTAATGCGTAAAAGACGAAACGCCACTCTAAAAGCAAATTTACATACCGCATCACACTCAATATAAAGAA
ACACTCGTAACAGAAATCAACTAAGCATACAGATTTCTTTTAAATATTCTTCAAATTCTCTTATTATTAAGAAAAGATGCTCCTTAATGAA
AAAATTTTTTAATAAAACAGATAGCAATAAAAGAATGATTGAAATATTATTTAAACAACACCACCCTAACGTAAAACGTCTTAATATTTAA
AACAGAAAAATTCTTTTTTAAGTACACAACAAAAACAACCGCTCAACCCCTATTACAATCCAAATGCGCTATTTACACGCTTCCTACCAAG
CTTTCGCATTCAGATTTCATTACAGAAAGTACACACAAAATAAAAATAAAGACTCAAAACGTTCCCAATTTGACCACCCTCCTTATTTTAA
TCCTCATTACAAGGGAGTAGGTAATACTAAAATGTGTCTTTTTTATGTTTTGGATGTGCTTTGTAATTTTTTTCATTGGAGAATTTATTAT
GAAAAAATTATCTGTCACATCAAAGAGACAATATAATTTATATGCTTCGCCTATTTCTCGACGTTTATCTTTGTTAATGAAGCTCTCATTG
GAAACTGTAACAGTTATGTTCTTATTGGGTGCATCTCCTGTATTGGCTTCGAATCTTGCGGGCCAGCTTGATGCCAATATCAGTAAAGTTA
ATAATAATGTAACGAATAAGTTTAATGAACTTACTCAAAGCATAACGAATGTTACGCAACAGGTAAAAGGCGATGCCTTATTATGGAGCGA
TGAAGCCAATGCTTTTGTGGCGCGTCATGAAAAGAGTAAGTTAGAAAAAGGCGTATCTAAAGCGACACAAGAAAATAGCAAGATTACGTAT
CTGTTAGATGGTGATATTTCGAAAGGTTCCACGGATGCCGTTACCGGTGGTCAGCTTTATTCAATGAGCAATATGCTTGCGACCTATTTGG
GTGGTAACGCTAAATATGAGAATGGTGAATGGACCGCACCTACCTTTAAGGTTAAAACAGTTAACGGTGAAGGCAAGGAAGAAGAGCAAAC
TTATCAGAATGTAGCGGAAGCTTTGACTGGAGTTGGTACGTCTTTCACCAATATAAAAAGTGAGATTGCCAAACAGATTAATCATCTCCAG
TCTGATGATTCAGCGGTTATTCATTATGATAAGAATAAAGATGAAACTGGCACCATTAATTATGCGAGTGTAACTTTGGGTAAAGGTGAAG
ATTCTGCAGCTGTTGCCCTTCATAATGTCGCTGCAGGTAATATTGCTAAGGATTCACGTGATGCAATCAATGGTTCTCAGCTTTATTCTTT
GAACGAGCAGTTATTGACCTATTTTGGCGGTGATGCTGGCTATAAAGATGGGCAATGGATAGCTCCCAAGTTCCATGTTTTGCAGTTCAAG
AGTGATGGTAGTTCTGGTGAGAAGGAGAGCTATGATAATGTAGCGGCTGCGTTTGAAGGAGTTAACAAAAGTCTTGCAGGTATGAACGAGC
GTATTAATAATGTTACTGCTGGCCAGAATGTTTCGTCGAGCAGTTTAAATTGGAATGAGACGGAGGGAGGTTATGACGCTCGTCATAATGG
TGTGGACAGTAAGCTTACGCATGTAGAGAATGGTGACGTATCCGAAAAATCGAAAGAAGCCGTTAATGGAAGTCAACTATGGAATACGAAT
GAGAAAGTTGAAGCGGTTGAGAAGGATGTAAAGAATATTGAGAAGAAGGTACAAGATATTGCTACAGTAGCAGATAGTGCTGTTAAGTATG
AGAAAGATAGTACTGGCAAGAAAACGAATGTAATCAAATTAGTTGGTGGGAGTGAAAGTGAGCCAGTATTGATAGACAATGTAGCGGATGG
TAAAATTGAAGCAGACTCTAAGCAGGCAGTCAATGGAGGTCAGTTGCGTGATTATACTGAGAAACAGATGAAGATAGTGCTTGATGATGCG
AAGAAATATACGGATGAACGCTTCAATGATGTCGTCAATAATGGTATTAATGAGGCTAAAGCTTATACAGATGTGAAGTTTGAGGCTTTAA
GTTACACTGTTGAGGAAGTCCGGAAAGAAGCAAGACAAGCAGCGGCTATTGGTTTAGCAGTATCTAACTTACGTTACTATGATATACCAGG
ATCTTTAAGTCTTTCATTTGGTACGGGTATATGGCGTAGTCAGTCTGCATTTGCTATTGGTGCTGGTTATACATCTGAAGATGGCAATATT
CGTTCTAATTTATCTATCACGAGTTCTGGTGGTCAGTGGGGAGTAGGCGCAGGGATTACTTTGAGACTGAAATGATAAAAAAACTAATATT
ATGATAGAAAAACGAAGTATTTTGATAAATATTCTGTTCTTCCTTGCCTTATTAGGCAAGGGAGAAAGTTTTGCTGATGAAAACGATAGTG
TTTATACGGTGCATCCACCGCATTTATCTATTCCTAATGGGGTAGCGGGTGAAACACGTCGAATCATCATGCAGTTTTATTATTGGACTTT
AATTTGTGATGAAAAACAAAAGCTTAGGCAAGGCATATGTAATGTGACGCAAACTGTCCATGATAAGGAAGGCAATACTATTTTCAGTTGG
TCTCTTGTTTCTACGAAAAAGAATTC 
 
 
 
 
BadA D19S28 protein sequence 
 
MKKLSVTSKRQYNLYASPISRRLSLLMKLSLETVTVMFLLGASPVLASNLAGQLDANISKVNNNVTNKFNELTQSITNVTQQVKGDALLWS
DEANAFVARHEKSKLEKGVSKATQENSKITYLLDGDISKGSTDAVTGGQLYSMSNMLATYLGGNAKYENGEWTAPTFKVKTVNGEGKEEEQ
TYQNVAEALTGVGTSFTNIKSEIAKQINHLQSDDSAVIHYDKNKDETGTINYASVTLGKGEDSAAVALHNVAAGNIAKDSRDAINGSQLYS
LNEQLLTYFGGDAGYKDGQWIAPKFHVLQFKSDGSSGEKESYDNVAAAFEGVNKSLAGMNERINNVTAGQNVSSSSLNWNETEGGYDARHN
GVDSKLTHVENGDVSEKSKEAVNGSQLWNTNEKVEAVEKDVKNIEKKVQDIATVADSAVKYEKDSTGKKTNVIKLVGGSESEPVLIDNVAD
GKIEADSKQAVNGGQLRDYTEKQMKIVLDDAKKYTDERFNDVVNNGINEAKAYTDVKFEALSYTVEEVRKEARQAAAIGLAVSNLRYYDIP
GSLSLSFGTGIWRSQSAFAIGAGYTSEDGNIRSNLSITSSGGQWGVGAGITLRLK- 
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Suppl. Figure 9. Synthesised and truncated badA gene and BadA protein D25S28 sequences. 
The grey highlighted region translates to the truncated BadA D25S28 protein sequence shown directly 
underneath. The underlined sequence represents the cleaved-off signal sequence during transport into 
the periplasm. Yellow highlighted nt and aa depict the transition site of combined badA regions. 

  

badA D25S28 gene sequence 
 
GAATTCCTGAATTTAGAGAGTGTAAGCTTTTATAGAAGCGTGCTGTTCTCTTTGAAAAGGAATGGTATTGTTCACAAAAAGTACTGTTTTT
ATTATGAACTAAAAAAATTTATTTTTAGCTTGCTATTTTACTCAATAGAGGATAGTGATACAGAAGGTATATCAGTATACTCATTTTAATT
ATAACTTCAAAAGGGGAGGAAGTAATGCGTAAAAGACGAAACGCCACTCTAAAAGCAAATTTACATACCGCATCACACTCAATATAAAGAA
ACACTCGTAACAGAAATCAACTAAGCATACAGATTTCTTTTAAATATTCTTCAAATTCTCTTATTATTAAGAAAAGATGCTCCTTAATGAA
AAAATTTTTTAATAAAACAGATAGCAATAAAAGAATGATTGAAATATTATTTAAACAACACCACCCTAACGTAAAACGTCTTAATATTTAA
AACAGAAAAATTCTTTTTTAAGTACACAACAAAAACAACCGCTCAACCCCTATTACAATCCAAATGCGCTATTTACACGCTTCCTACCAAG
CTTTCGCATTCAGATTTCATTACAGAAAGTACACACAAAATAAAAATAAAGACTCAAAACGTTCCCAATTTGACCACCCTCCTTATTTTAA
TCCTCATTACAAGGGAGTAGGTAATACTAAAATGTGTCTTTTTTATGTTTTGGATGTGCTTTGTAATTTTTTTCATTGGAGAATTTATTAT
GAAAAAATTATCTGTCACATCAAAGAGACAATATAATTTATATGCTTCGCCTATTTCTCGACGTTTATCTTTGTTAATGAAGCTCTCATTG
GAAACTGTAACAGTTATGTTCTTATTGGGTGCATCTCCTGTATTGGCTTCGAATCTTGCGGGGCAGCTTGATACCAATATCAAGAAAGTAG
AAGATAAATTAACAGAAGCAGTCGGTAAAGTTACGCAACAGGTAAAAGGTGATGCTTTATTGTGGAGCAATGAAGATAACGCGTTTGTTGC
TGATCATGGTAAAGATAGCGCAAAGACAAAGAGCAAGATTACACATTTATTAGATGGAAATATTGCGTCTGGCTCAACCGATGCCGTTACC
GGTGGTCAACTCTATTCAATGAGCAATATGCTTGCGACCTATTTGGGTGGTAACGCTAAATATGAGAATGGTGAATGGACCGCACCTACCT
TTAAGGTTAAAACAGTTAACGGTGAAGGCAAGGAAGAAGAGCAAACTTATCAGAATGTAGCGGAAGCTTTGACTGGAGTTGGTACGTCTTT
CACCAATATAAAAAGTGAGATTGCCAAACAGATTAATCATCTCCAGTCTGATGATTCAGCGGTTATTCATTATGATAAGAATAAAGATGAA
ACTGGCACCATTAATTATGCGAGTGTAACTTTGGGTAAAGGTGAAGATTCTGCAGCTGTTGCCCTTCATAATGTCGCTGCAGGTAATATTG
CTAAGGATTCACGTGATGCAATCAATGGTTCTCAGCTTTATTCTTTGAACGAGCAGTTATTGACCTATTTTGGCGGTGATGCTGGCTATAA
AGATGGGCAATGGATAGCTCCCAAGTTCCATGTTTTGCAGTTCAAGAGTGATGGTAGTTCTGGTGAGAAGGAGAGCTATGATAATGTAGCG
GCTGCGTTTGAAGGAGTTAACAAAAGTCTTGCAGGTATGAACGAGCGTATTAATAATGTTACTGCTGGCCAGAATGTTTCGTCGAGCAGTT
TAAATTGGAATGAGACGGAGGGAGGTTATGACGCTCGTCATAATGGTGTGGACAGTAAGCTTACGCATGTAGAGAATGGTGACGTATCCGA
AAAATCGAAAGAAGCCGTTAATGGAAGTCAACTATGGAATACGAATGAGAAAGTTGAAGCGGTTGAGAAGGATGTAAAGAATATTGAGAAG
AAGGTACAAGATATTGCTACAGTAGCAGATAGTGCTGTTAAGTATGAGAAAGATAGTACTGGCAAGAAAACGAATGTAATCAAATTAGTTG
GTGGGAGTGAAAGTGAGCCAGTATTGATAGACAATGTAGCGGATGGTAAAATTGAAGCAGACTCTAAGCAGGCAGTCAATGGAGGTCAGTT
GCGTGATTATACTGAGAAACAGATGAAGATAGTGCTTGATGATGCGAAGAAATATACGGATGAACGCTTCAATGATGTCGTCAATAATGGT
ATTAATGAGGCTAAAGCTTATACAGATGTGAAGTTTGAGGCTTTAAGTTACACTGTTGAGGAAGTCCGGAAAGAAGCAAGACAAGCAGCGG
CTATTGGTTTAGCAGTATCTAACTTACGTTACTATGATATACCAGGATCTTTAAGTCTTTCATTTGGTACGGGTATATGGCGTAGTCAGTC
TGCATTTGCTATTGGTGCTGGTTATACATCTGAAGATGGCAATATTCGTTCTAATTTATCTATCACGAGTTCTGGTGGTCAGTGGGGAGTA
GGCGCAGGGATTACTTTGAGACTGAAATGATAAAAAAACTAATATTATGATAGAAAAACGAAGTATTTTGATAAATATTCTGTTCTTCCTT
GCCTTATTAGGCAAGGGAGAAAGTTTTGCTGATGAAAACGATAGTGTTTATACGGTGCATCCACCGCATTTATCTATTCCTAATGGGGTAG
CGGGTGAAACACGTCGAATCATCATGCAGTTTTATTATTGGACTTTAATTTGTGATGAAAAACAAAAGCTTAGGCAAGGCATATGTAATGT
GACGCAAACTGTCCATGATAAGGAAGGCAATACTATTTTCAGTTGGTCTCTTGTTTCTACGAAAAAGAATTC 
 
 
 
 
BadA D25S28 protein sequence 
 
MKKLSVTSKRQYNLYASPISRRLSLLMKLSLETVTVMFLLGASPVLASNLAGQLDTNIKKVEDKLTEAVGKVTQQVKGDALLWSNEDNAFV
ADHGKDSAKTKSKITHLLDGNIASGSTDAVTGGQLYSMSNMLATYLGGNAKYENGEWTAPTFKVKTVNGEGKEEEQTYQNVAEALTGVGTS
FTNIKSEIAKQINHLQSDDSAVIHYDKNKDETGTINYASVTLGKGEDSAAVALHNVAAGNIAKDSRDAINGSQLYSLNEQLLTYFGGDAGY
KDGQWIAPKFHVLQFKSDGSSGEKESYDNVAAAFEGVNKSLAGMNERINNVTAGQNVSSSSLNWNETEGGYDARHNGVDSKLTHVENGDVS
EKSKEAVNGSQLWNTNEKVEAVEKDVKNIEKKVQDIATVADSAVKYEKDSTGKKTNVIKLVGGSESEPVLIDNVADGKIEADSKQAVNGGQ
LRDYTEKQMKIVLDDAKKYTDERFNDVVNNGINEAKAYTDVKFEALSYTVEEVRKEARQAAAIGLAVSNLRYYDIPGSLSLSFGTGIWRSQ
SAFAIGAGYTSEDGNIRSNLSITSSGGQWGVGAGITLRLK- 
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Suppl. Figure 10. Synthesised and truncated badA gene and BadA protein D27S29 sequences. 
The grey highlighted region translates to the truncated BadA D27S29 protein sequence shown directly 
underneath. The underlined sequence represents the cleaved-off signal sequence during transport into 
the periplasm. Yellow highlighted nt and aa depict the transition site of combined badA regions. 

badA D27S29 gene sequence 
 
GAATTCCTGAATTTAGAGAGTGTAAGCTTTTATAGAAGCGTGCTGTTCTCTTTGAAAAGGAATGGTATTGTTCACAAAAAGTACTGTTTTT
ATTATGAACTAAAAAAATTTATTTTTAGCTTGCTATTTTACTCAATAGAGGATAGTGATACAGAAGGTATATCAGTATACTCATTTTAATT
ATAACTTCAAAAGGGGAGGAAGTAATGCGTAAAAGACGAAACGCCACTCTAAAAGCAAATTTACATACCGCATCACACTCAATATAAAGAA
ACACTCGTAACAGAAATCAACTAAGCATACAGATTTCTTTTAAATATTCTTCAAATTCTCTTATTATTAAGAAAAGATGCTCCTTAATGAA
AAAATTTTTTAATAAAACAGATAGCAATAAAAGAATGATTGAAATATTATTTAAACAACACCACCCTAACGTAAAACGTCTTAATATTTAA
AACAGAAAAATTCTTTTTTAAGTACACAACAAAAACAACCGCTCAACCCCTATTACAATCCAAATGCGCTATTTACACGCTTCCTACCAAG
CTTTCGCATTCAGATTTCATTACAGAAAGTACACACAAAATAAAAATAAAGACTCAAAACGTTCCCAATTTGACCACCCTCCTTATTTTAA
TCCTCATTACAAGGGAGTAGGTAATACTAAAATGTGTCTTTTTTATGTTTTGGATGTGCTTTGTAATTTTTTTCATTGGAGAATTTATTAT
GAAAAAATTATCTGTCACATCAAAGAGACAATATAATTTATATGCTTCGCCTATTTCTCGACGTTTATCTTTGTTAATGAAGCTCTCATTG
GAAACTGTAACAGTTATGTTCTTATTGGGTGCATCTCCTGTATTGGCTTCGAATCTTGCGGGACAGATTCATACAATCGGTGAGGATGTTG
CAAAATTCTTGGGTGGAGATGCAGCTTTTAAAGATGGCGCTTTTACCGGCCCAACTTATAAGTTGTCGAATATTGATGCAAAGGGTGATGT
ACAACAGAGTGAGTTTAAAGATATAGGTTCAGCCTTTGCGGGTCTTGATACGAACATCAAGAATGTCAATAATAATGTAACGAATAAGCTC
AGTGAACTTACTCAAAACATAACGACTGTTACGCAACAGGTAAAAGGCAATGCCTTATTATGGAGCGATGAAGCTAATGCCTTTGTGGCGC
GTCATGAAAAGAGCAAGTTAGAAAAAGGTGCATCTAAAGCGATACAAGAAAACAGCAAGATTACGTATCTGTTAGATGGTGATGTTTCGAA
AGGTTCCACGGATGCCGTTACTGGTGGTCAGCTTTATTCTTTGAACGAGCAGTTATTGACCTATTTTGGCGGTGATGCTGGCTATAAAGAT
GGGCAATGGATAGCTCCCAAGTTCCATGTTTTGCAGTTCAAGAGTGATGGTAGTTCTGGTGAGAAGGAGAGCTATGATAATGTAGCGGCTG
CGTTTGAAGGAGTTAACAAAAGTCTTGCAGGTATGAACGAGCGTATTAATAATGTTACTGCTGGCCAGAATGTTTCGTCGAGCAGTTTAAA
TTGGAATGAGACGGAGGGAGGTTATGACGCTCGTCATAATGGTGTGGACAGTAAGCTTACGCATGTAGAGAATGGTGACGTATCCGAAAAA
TCGAAAGAAGCCGTTAATGGAAGTCAACTATGGAATACGAATGAGAAAGTTGAAGCGGTTGAGAAGGATGTAAAGAATATTGAGAAGAAGG
TACAAGATATTGCTACAGTAGCAGATAGTGCTGTTAAGTATGAGAAAGATAGTACTGGCAAGAAAACGAATGTAATCAAATTAGTTGGTGG
GAGTGAAAGTGAGCCAGTATTGATAGACAATGTAGCGGATGGTAAAATTGAAGCAGACTCTAAGCAGGCAGTCAATGGAGGTCAGTTGCGT
GATTATACTGAGAAACAGATGAAGATAGTGCTTGATGATGCGAAGAAATATACGGATGAACGCTTCAATGATGTCGTCAATAATGGTATTA
ATGAGGCTAAAGCTTATACAGATGTGAAGTTTGAGGCTTTAAGTTACACTGTTGAGGAAGTCCGGAAAGAAGCAAGACAAGCAGCGGCTAT
TGGTTTAGCAGTATCTAACTTACGTTACTATGATATACCAGGATCTTTAAGTCTTTCATTTGGTACGGGTATATGGCGTAGTCAGTCTGCA
TTTGCTATTGGTGCTGGTTATACATCTGAAGATGGCAATATTCGTTCTAATTTATCTATCACGAGTTCTGGTGGTCAGTGGGGAGTAGGCG
CAGGGATTACTTTGAGACTGAAATGATAAAAAAACTAATATTATGATAGAAAAACGAAGTATTTTGATAAATATTCTGTTCTTCCTTGCCT
TATTAGGCAAGGGAGAAAGTTTTGCTGATGAAAACGATAGTGTTTATACGGTGCATCCACCGCATTTATCTATTCCTAATGGGGTAGCGGG
TGAAACACGTCGAATCATCATGCAGTTTTATTATTGGACTTTAATTTGTGATGAAAAACAAAAGCTTAGGCAAGGCATATGTAATGTGACG
CAAACTGTCCATGATAAGGAAGGCAATACTATTTTCAGTTGGTCTCTTGTTTCTACGAAAAAGAATTC 
 
 
 
 
BadA D27S29 protein sequence 
 
MKKLSVTSKRQYNLYASPISRRLSLLMKLSLETVTVMFLLGASPVLASNLAGQIHTIGEDVAKFLGGDAAFKDGAFTGPTYKLSNIDAKGD
VQQSEFKDIGSAFAGLDTNIKNVNNNVTNKLSELTQNITTVTQQVKGNALLWSDEANAFVARHEKSKLEKGASKAIQENSKITYLLDGDVS
KGSTDAVTGGQLYSLNEQLLTYFGGDAGYKDGQWIAPKFHVLQFKSDGSSGEKESYDNVAAAFEGVNKSLAGMNERINNVTAGQNVSSSSL
NWNETEGGYDARHNGVDSKLTHVENGDVSEKSKEAVNGSQLWNTNEKVEAVEKDVKNIEKKVQDIATVADSAVKYEKDSTGKKTNVIKLVG
GSESEPVLIDNVADGKIEADSKQAVNGGQLRDYTEKQMKIVLDDAKKYTDERFNDVVNNGINEAKAYTDVKFEALSYTVEEVRKEARQAAA
IGLAVSNLRYYDIPGSLSLSFGTGIWRSQSAFAIGAGYTSEDGNIRSNLSITSSGGQWGVGAGITLRLK- 
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Supplementary tables 

Suppl. Table 1. Overview of the major flanking genes upstream of the badA island. ORFs are 
identified in a region ca. 15 kb upstream of the badA island. Length and start position of the listed ORFs 
refer to the genome of B. henselae Marseille, unless indicated otherwise.  

Identified ORF Length 
(bp) 

Start 
position (nt) 

Predicted remote 
homologueb 

B. henselae genomic 
conservationc 

Transcriptional repressor/  
iron response regulator 

504 1,330,292 Ferric uptake regulation 
(Fur) protein 

1 bp mutation in strain FR96/BK3 

Efflux resistance-nodulation-
cell division transporter 
permease  

3,135 1,336,864 / ≤ 9 bp mutations in strains Marseille, 
FR96/BK38, and FR96/BK3 

Glucose-6-phosphate 
isomerase 

1,665 1,340,196 / ≤ 8 bp mutations in strains Marseille, 
FR96/BK38, and FR96/BK3 

50S ribosomal protein L21 477 1,342,273 / ≤ 3 bp mutations in strains Marseille, 
FR96/BK38, and FR96/BK3 

50S ribosomal protein L27 270 1,342,764 / ≤ 3 bp mutations in strains Marseille 
and FR96/BK3 

Phosphoenolpyruvate-
protein phosphotransferase 

2,505 1,344,453 / ≤ 22 bp mutations in strains Marseille, 
FR96/BK38, and FR96/BK3 

Mobile genetic element 480 1,350,853 AAA+ ATPase  
superfamily proteins: 
1) MuB transposition 
protein  
2) transposon Tn7 
transposition protein  
3) RuvB-like protein  
4) replication-associated 
recombination protein A  

≤ 29 bp mutations in strains Marseille 
and FR96/BK3 (201 bp) 

Helix-turn-helix domain-
containing protein 

294 1,351,401 Competence regulator 
(ComR) transcriptional 
factor 

≤ 14 bp mutations in strains Marseille, 
FR96/BK38 (204 bp), and FR96/BK3 
(351 bp); all other strains show an 
ORF of 204 bp 

Helix-turn-helix 
transcriptional regulator 

540 1,351,840 ComR transcriptional 
factor 

≤ 15 bp mutations in strains Marseille,
FR96/BK38 (504 bp), and FR96/BK3 
(528 bp); all other strains show an 
ORF of 504 bp 

Helix-turn-helix domain-
containing proteina 

300a 1,380,964a ComR transcriptional 
factor 

≤ 4 bp mutations in strains 
FR96/BK38 and FR96/BK3; not 
present in strain Marseille 

Helix-turn-helix 
transcriptional regulatora  

543a 1,381,410a ComR transcriptional 
factor 

≤ 6 bp mutations in strains 
FR96/BK38 (174 bp) and FR96/BK3; 
not present in strain Marseille 

aRefer to the genome of strain ATCC49882T var-1, bvia HHpred software, ccompared to the consensus sequence 
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Suppl. Table 2. Overview of the major flanking genes downstream of the badA island. ORFs are 
identified in a region ca. 15 kb downstream of the badA island. Length and start position of the listed 
ORFs refer to the genome of B. henselae Marseille.   

Identified ORF Length 
(bp) 

Start 
position (nt) 

Predicted remote 
homologue(s)a 

B. henselae genomic  
conservationb 

Invasion associated 
locus B (IalB) family 
protein 

573 1,374,036 IalB family protein ≤ 14 bp mutations in strains Marseille 
and FR96/BK3 (573 bp); all other 
strains show an ORF of 594 bp 

Guanosine triphosphate 
(GTP) binding protein 
 

1,023 1,378,580 1) GTP-binding protein 
(ObgE) 
2) Mitochondrial ribosome-
associated GTPase 2  

≤ 5 bp mutations in strains Marseille, 
FR96/BK38, and FR96/BK3 

Ribosome silencing factor 444 1,383,010 Ribosomal silencing factor 
(RsfS) 

≤ 9 bp mutations in strains Marseille, 
FR96/BK38, and FR96/BK3 

Peptidoglycan 
DD-metalloendopeptidase 
family protein 

1,281 1,384,033 Murein hydrolase activator 
(EnvC) 

≤ 2 bp mutations in strains Marseille, 
FR96/BK38, and FR96/BK3 

IalB family protein 561 1,387,316 / 1 bp in strain FR96/BK38 

YggT family protein 288 1,388,206 / 1 bp in strain FR96/BK38 

avia HHpred, bcompared to the consensus sequence 
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