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Abstract 13 

The highly sticky bacterium Acinetobacter sp. Tol 5 adheres to various material surfaces 14 

via its cell surface nanofiber protein, AtaA. This adhesiveness has only been evaluated 15 

based on the amount of cells adhering to a surface. In this study, the adhesion force 16 

mapping of a single Tol 5 cell in liquid using the quantitative imaging mode of atomic force 17 

microscopy (AFM) revealed that the strong adhesion of Tol 5 was several nanonewtons, 18 

which was outstanding compared with other adhesive bacteria. The adhesion force of a cell 19 

became stronger with the increase in AtaA molecules present on the cell surface. Many 20 

fibers of peritrichate AtaA molecules simultaneously interact with a surface, strongly 21 

attaching the cell to the surface. The adhesion force of a Tol 5 cell was drastically reduced 22 

in the presence of 1% casamino acids but not in deionized water (DW), although both 23 

liquids decrease the adhesiveness of Tol 5 cells, suggesting that DW and casamino acids 24 

inhibit the cell approaching step and the subsequent direct interaction step of AtaA with 25 

surfaces, respectively. Heterologous production of AtaA provided non-adhesive 26 

Acinetobacter baylyi ADP1 cells with a strong adhesion force to AFM tip surfaces of 27 

silicon and gold. 28 
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1. Introduction 34 

Bacterial adhesion causes a variety of serious problems such as infectious diseases, 35 

metal corrosion, and pathogen contamination of medical and food processing equipment [1-36 

4]. However, bacterial adhesion can also be beneficial, for example, in bioreactors for 37 

wastewater treatment and off-gas treatment, degradation of pollutants in aqueous and soil 38 

environments, and chemical production using immobilized bacteria [5-9]. Therefore, the 39 

ability to control bacterial adhesion would be beneficial in various sectors. However, this 40 

requires a better understanding of the factors that affect bacterial adhesion. 41 

In a typical adhesion process, bacteria attain strong adhesion in multiple steps [3]. The 42 

initial attachment of a bacterial cell to a surface is reversible and weak, and is usually 43 

described by Derjaguin−Landau−Verwey−Overbeek (DLVO) theory [10, 11]. Then, 44 

bacterial adhesion is strengthened by multiple interactions between material surfaces and 45 

surface components of bacterial cells [3, 12, 13]. In this early stage of bacterial adhesion, 46 

cell surface adhesins, which constitute cell appendages in many cases, usually interact 47 

directly with material surfaces [13]. Subsequently, cells secrete extracellular polymeric 48 

substances (EPS) during growth and finally develop tightly attached biofilms that resist 49 

detachment [3, 14]. Therefore, adhesion strength changes with time and high adhesiveness, 50 

which implies that many cells quickly attach to a surface, does not necessarily correspond 51 

to strong adhesion. 52 

The gram-negative bacterium Acinetobacter sp. Tol 5 shows extremely high 53 

adhesiveness to various material surfaces from hydrophobic plastics to hydrophilic glass 54 

and metals, independent of cell growth and EPS secretion [15]. The adhesiveness of a Tol 5 55 
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cell is attributed to its peritrichate and fibrous cell appendage protein, AtaA [16-19]. AtaA 56 

is a member of the trimeric autotransporter adhesin (TAA) family and forms a long 57 

nanofiber with a length of 260 nm, which is composed of a passenger domain including the 58 

N-terminal head domain at the distal end of the fiber and the C-terminal transmembrane 59 

domain anchored to the outer membrane [16, 20]. The remarkably high adhesiveness of Tol 60 

5 cells has been mainly evaluated by plate adherence assays using crystal violet staining, 61 

which is used to quantify the amount of bacterial cells adhering to a plate surface during 62 

incubation of a cell suspension. The adhesiveness measured by this method is a little 63 

reflective of the adhesion strength through resistance against shear stress caused by 64 

washing steps but significantly affected by attractive and repulsive forces in the initial 65 

attachment process. In addition, it is significantly affected by autoagglutination of cells 66 

because cells are stacked on a surface. Therefore, the pure adhesion strength of a bacterial 67 

cell cannot be determined by plate adherence assays. Interestingly, the adhesiveness of Tol 68 

5 cells to any material surfaces decreases with the decrease in the ionic strength of a cell 69 

suspension and is completely lost in deionized water (DW) [21]. Also, Tol 5’s cell adhesion 70 

is always drastically inhibited by casamino acids [22]. However, the underlying 71 

mechanisms that hinder the adhesion of highly sticky Tol 5 cells in these liquids remain 72 

unclear. 73 

The purpose of the current study was to determine Tol 5’s adhesion strength by the 74 

adhesion force mapping of a single cell using atomic force microscopy (AFM). Another 75 

purpose was to investigate how the adhesion force is affected in cell suspension liquids that 76 

hinder Tol 5’s cell adhesion. AFM can be used to quantitatively measure the adhesion 77 



5 

forces of living cells and biomolecules in liquid at the sub-nanonewton level with high 78 

sensitivity by detecting the force applied to the probe upon contact with the sample [23-26]. 79 

The quantitative imaging (QI) mode is a specialized force mapping for soft and viscous 80 

samples, which combines high force sensitivity to measure adhesion with high scanning 81 

speed comparable with that of conventional tapping mode [27]. Because QI mode allows 82 

simultaneous imaging with sub-nanometer resolution and mechanical characterization with 83 

piconewton resolution in liquid without damaging delicate samples and interference by the 84 

viscosity, it has been used to study bacterial cell stiffness and adhesion [28, 29]. In this 85 

study, we performed the adhesion force mapping of a single cell of the highly sticky Tol 5 86 

cells using QI mode in liquid.  87 

 88 

2. Materials and Methods 89 

2.1. Bacterial strain and growth conditions  90 

The bacterial strains used in this study are listed in Supplementary Table S1. 91 

Acinetobacter sp. Tol 5, and its derivatives were grown in Luria-Bertani (LB) medium at 92 

28C for 8 h. Acinetobacter baylyi ADP1 and ADP1 (pAtaA) were grown in LB medium at 93 

30C for 12 h. Yersinia enterocolitica WA-314 was grown in LB medium at 28C 94 

overnight, inoculated into LB medium at a 1:100 dilution, and incubated at 37C for 8 h for 95 

yadA expression. Pseudomonas fluorescens pf0-1 and Escherichia coli DH5 were grown 96 

in LB medium at 37C for 8 h, and Bartonella henselae was grown on Columbia agar 97 

(Oxoid Ltd., Hampshire, UK) supplemented with 5% sheep blood (Nippon Bio-Test 98 

Laboratories Ins., Saitama, Japan) in a humidified atmosphere with 5% CO2 at 37C. To 99 
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induce the expression of the ataA gene on the plasmid pAtaA, 0.5% (w/v) arabinose was 100 

added to the culture medium. The induction time was varied from 0 h to 6 h to control the 101 

amount of produced AtaA. All of the cells except B. henselae were harvested by 102 

centrifugation and resuspended in phosphate-buffered saline (PBS; 137 mM NaCl, 8.10 103 

mM Na2HPO4, 2.68 mM KCl, and 1.47 mM KH2PO4, pH 7.4). The cells of B. henselae 104 

were collected by swabbing the agar surface with a cotton swab and suspended in PBS.  105 

 106 

2.2. Immobilization of bacterial cells to a glass substratum 107 

Two milliliters of 1% polyethyleneimine (Nakalai Tesque, Kyoto, Japan) solution was 108 

placed onto a glass bottom dish (FluoroDish, FD5040-100; World Precision Ins., Sarasota, 109 

FL, USA), incubated for 16 h at a room temperature (RT), and removed using a pipette. 110 

After a rinse with DW, 2 mL of 0.5% glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA) 111 

solution was placed on the surface and incubated for 2 h at RT. After rinsing with PBS, 2 112 

mL of a bacterial cell suspension at an optical density at 660 nm of 0.1 was placed on the 113 

surface, incubated for 30 min at RT, and removed. The surface was rinsed with PBS, and 2 114 

mL of 100 mM Tris-HCl buffer (pH 7.4) was added and incubated for 30 min at RT to 115 

inactivate unreacted glutaraldehyde. Thereafter, the solution was removed and the surface 116 

was rinsed with the same solution used for the AFM measurement described below. 117 

 118 

2.3. Analytical methods 119 

Force mapping was performed using NanoWizard 3 BioScience AFM system (JPK 120 

Ins., Berlin, Germany) with Advanced QI mode, which is an extensional software of QI 121 
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[27] mode at RT in PBS, PBS supplemented with 1% casamino acid technical (Becton, 122 

Dickinson and company, Franklin Lakes, NJ, USA), PBS supplemented with 1% glucose, 123 

100 mM KCl solution, or DW. Clean silicon-probe AFM cantilevers with spring constants 124 

of 0.02-0.14 N/m (BL-AC40TS-C2; Olympus Ltd., Tokyo, Japan) or gold-coated probe 125 

cantilevers with spring constants of 0.003-0.13 N/m (HQ:CSC38/Cr-Au-B; MikroMasch, 126 

Madrid, Spain) were used. The spring constants of the cantilevers were determined using 127 

the thermal noise method. The parameters used in QI mode are the following: Z-length: 3 128 

m; applied force: 0.2 nN; speed: 20 m/s.  129 

Flow cytometry was performed as described previously [30]. AtaA on the cell surface 130 

was immune-stained with anti-AtaA699-1014 antiserum and Alexa Fluor 488-conjugated anti-131 

rabbit antibody (Cell Signaling Technology, Danvers, MA, USA) and detected using a flow 132 

cytometry system (FACS Canto II; Becton, Dickinson and company). 133 

 134 

3. Results and Discussion 135 

3. 1. Adhesion force mapping of a single cell of various bacterial strains 136 

To compare the adhesion strength of Tol 5 with other adhesive bacteria, we performed 137 

force mapping of a single cell of Tol 5, B. henselae Marseille having BadA, Y. 138 

enterocolitica WA-314 having YadA, and P. fluorescens Pf0-1 having LapA as well as a 139 

non-adhesive bacterium, E. coli DH5 as a control. Bacterial cells were immobilized on a 140 

glass-bottom dish by a covalent bond, and thereafter the height and adhesion force between 141 

the cell surface and a silicon probe in PBS were measured in QI mode. The topographies 142 

(upper) and adhesion force maps (lower) of each single bacterial cell are shown in Figure 1. 143 
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The brighter colour in the topographies and in the adhesion force maps indicates the areas 144 

that are higher and the areas showing a stronger adhesion force, respectively. Tol 5 showed 145 

a strong adhesion force of more than several nanonewtons. BadA and YadA, like AtaA, 146 

belong to the TAA family and have been reported to mediate cell adhesion to material 147 

surfaces [31-33]. P. fluorescens pf0-1 exhibits high cell adhesion to various material 148 

surfaces through LapA [34]. However, the adhesion force of these bacteria was small 149 

compared with that of Tol 5, highlighting the strong adhesion of Tol 5 cells mediated by 150 

AtaA. Considering the quite short contact time (< 100 ms) of a cell surface with an AFM 151 

probe, a single Tol 5 cell can instantaneously attain strong adhesion to a silicon probe. 152 

Recently, we showed that autoagglutination through AtaA significantly contributes to 153 

biofilm formation of Tol 5 cells by triggering the formation of the biofilm [35, 36]. 154 

However, the current result demonstrated that a single Tol 5 cell itself has the ability to 155 

very strongly adhere to a surface through the quick interaction of AtaA with the surface. It 156 

is considered that the strong initial attachment capacity of Tol 5 cells using AtaA gives this 157 

bacterium the property of forming a strongly attached biofilm without the secretion of EPS, 158 

as shown previously [35]. 159 

In a previous study, bacterial cells expressing SadA, a TAA from Salmonella enterica, 160 

have been observed using AFM [37]. However, because it was observed in air using 161 

tapping mode, adverse effects on the morphology from drying were inevitable and 162 

biological functions such as adhesion could not be evaluated. On the other hand, in this 163 

study, we performed force mapping of Tol 5 cells expressing AtaA in liquid using QI mode. 164 
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To the best of our knowledge, this is the first study in which the cell morphology and 165 

adhesion mediated by TAA under physiological conditions are analyzed.  166 

 167 

3. 2. Cell adhesion modes by AtaA 168 

To elucidate how AtaA confers the strong adhesion force to a single Tol 5 cell, we 169 

prepared cells expressing the different number of AtaA molecules on the cell surface. The 170 

flow cytometry of immunostained cells of Tol 5 ataA and Tol 5 ataA (pAtaA) cells with 171 

different induction periods of ataA gene using anti-AtaA antiserum is shown in Figure 2A. 172 

This revealed that the amount of AtaA present on the cell surface of Tol 5 ataA (pAtaA) 173 

cells increased as the induction period for the expression of the ataA gene on a plasmid 174 

with arabinose was extended. Subsequently, they were subjected to force mapping on a 175 

single cell surface. Tol 5 ataA and 0-h induced (uninduced) Tol 5 ataA (pAtaA) cells 176 

showed little adhesion force and the adhesion force of Tol 5 ataA (pAtaA) cells became 177 

stronger as the induction period increased and the amount of AtaA present on the cell 178 

surface increased (Fig. 2B). The 6-h induced Tol 5 ataA (pAtaA) cells accumulated more 179 

AtaA molecules on their cell surface and showed stronger cell adhesion than the Tol 5 wild 180 

type (WT) cells.  181 

Biaxial graphs of height and adhesion force obtained from cross sections of single cell 182 

AFM images of 2-h induced Tol 5 ataA (pAtaA) and Tol 5 ataA are shown in Figures 3 183 

and S1, respectively. Even in liquid, peritrichate AtaA fibers covering the cell surface could 184 

be visualized at the margin of the cell in a high-resolution image (Fig. 3A) and they were 185 

not observed in Tol 5 ataA (Fig. S1A). Peaks of adhesion force of 1 to 2 nN were recorded 186 
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along the cross-sectional lines on a Tol 5 ataA (pAtaA) cell (Fig 3B and C), whereas a Tol 187 

5 ataA cell showed little interaction with the AFM probe (Fig. S1B and C). On both the 188 

short and long axes of the Tol 5 ataA (pAtaA) cell, stronger adhesions tended to be 189 

recorded at the margin of the cell where the AtaA fibers laterally extend than at the upper 190 

side of the cell (Fig. 3B and C). This tendency was observed at various cross sections on 191 

this mutant cell (Fig. S2). This is probably because the AFM probe can make contact with 192 

more AtaA fibers at the margin of a cell than the upper side, as shown in Figure S3. Thus, 193 

many fibers of Tol 5 peritrichate AtaA molecules simultaneously interact with a surface, 194 

strongly attaching the cell to the surface. 195 

 196 

3. 3. Measurement of adhesion strength of a single Tol 5 cell under conditions of 197 

adhesion inhibition 198 

We investigated whether the adhesion strength of Tol 5 is lost or reduced in a casamino 199 

acids solution and DW, in which the adhesion of Tol 5 cells is known to be hindered. Force 200 

mapping using QI mode confirmed that the adhesion force of a Tol 5 cell drastically 201 

reduced in the presence of 1% casamino acids but not in the presence of 1% glucose (Fig. 202 

4A). The adhesion strength of Tol 5 cells lost in 1% casamino acids solution could be 203 

recovered by replacing the solution with fresh PBS. This suggested that casamino acids 204 

inhibit the interaction between AtaA and the silicon AFM probe without denaturing AtaA, 205 

which was consistent with previous results [22]. Surprisingly, in contrast to casamino acids 206 

solution, the adhesion force measured in DW was almost the same as that measured in PBS 207 

and 100 mM KCl (Fig. 4B), indicating that the salt concentration did not affect the 208 
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adhesion strength of Tol 5. Note that the topography of the cells in DW was the same as 209 

that observed in PBS and 100 mM KCl (Fig. 4), confirming that no adverse effects such as 210 

cell lysis were caused by osmotic stress.  211 

Although both the presence of casamino acids and the low ionic strength conditions are 212 

critical for the adhesion of Tol 5 cells, their effects on the adhesion force are quite different, 213 

suggesting that the mechanisms that inhibit cell adhesion in these media are different. 214 

Before adhering to a surface, a cell must approach the surface to a position from which 215 

AtaA can make contact with it [35]. According to the DLVO theory, during this 216 

approaching process, a bacterial cell undergoes both attractive and repulsive forces from a 217 

surface, and their summation directly affects cell adhesion. It has been shown that 218 

autoagglutination of Tol 5 cells follows the DLVO theory [35], and it can be considered that 219 

the interaction between the cell and the surface also follows this theory. At lower ionic 220 

strength, the repulsive force is stronger and both cell adhesion and autoagglutination are 221 

hindered [8]. AtaA fibers cannot make contact with a surface for adhesion or with each 222 

other for autoagglutination because of the long distance between a Tol 5 cell body and its 223 

interaction targets (a surface or another cell). Therefore, the adhesiveness of Tol 5 cells is 224 

lost in DW. On the other hand, in QI mode of AFM, an AFM probe was forced to make 225 

contact with a Tol 5 cell before the adhesion force measurement. Therefore, adhesion force 226 

corresponds to the force required for the detachment, that is, the resistance force for 227 

detaching an AFM probe from a cell. This process is not affected by the ionic strength. 228 

Therefore, once AtaA comes into contact with a surface even in DW, it exhibits a strong 229 

adhesion force and shows high resistance to peeling.  230 
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In contrast, it is considered that casamino acids directly inhibit the interaction between 231 

an AtaA molecule and a material surface, resulting in the reduction of the adhesion force. 232 

For example, component molecules in casamino acids may adsorb onto the AtaA 233 

molecules, blocking contact between AtaA fibers and the surface. Therefore, AFM 234 

unexpectedly revealed that there are two different steps for inhibition of the initial 235 

attachment of a bacterial cell to a surface, that is, the cell approaching step and subsequent 236 

direct interaction step between adhesins and surfaces. DW and casamino acids inhibit the 237 

cell adhesion in the first step and the second step, respectively. AFM gives us a lot of 238 

additional information about cell adhesion that cannot be obtained with a plate adherence 239 

assay. 240 

 241 

3. 4. Evaluation of the adhesion strength of AtaA in another bacterium using different 242 

probe materials 243 

The adhesiveness of AtaA can be conferred to other non-adhesive bacteria by 244 

heterologous expression of the ataA gene [16, 21, 38, 39]. We have developed a new cell 245 

immobilization method using AtaA and have demonstrated its effectiveness in microbial 246 

green production processes [38-41]. Furthermore, cells immobilized with AtaA can be 247 

detached using liquids that inhibit cell adhesion, that is, washing with DW or the addition 248 

of casamino acids, and the detached cells can be re-immobilized in a salt medium or in a 249 

buffer solution [21, 22]. As shown in the current study, this implies that AtaA-mediating 250 

cell adhesion is strong but reversible and, therefore, attached cells can be detached if the 251 

cells undergo a shear stress that is stronger than the adhesion force. In bioreactor operation, 252 
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it is important for immobilized cells to exhibit an adhesion strength that is sufficient for 253 

stable immobilization against the shear stress generated by liquid flows in bioreactors. 254 

Another important feature of the cell adhesion mediated by AtaA is its nonspecificity, 255 

which enables cells to immobilize on various material surfaces. Therefore, we performed 256 

adhesion force mapping of cell surfaces of A. baylyi ADP1 and its ataA-expressing strain A. 257 

baylyi ADP1 (pAtaA) [42] using probes that have a bare silicon tip and a fully gold-coated 258 

one. ADP1 (pAtaA) cells showed adhesion forces as strong as Tol 5 cells not only to the 259 

silicon tip but also to the gold-coated tip (Fig. 5), whereas the ADP1 WT showed small 260 

adhesion force. Thus, it was demonstrated that the heterologous production of AtaA can 261 

provide originally non-adhesive bacteria with adhesion strength that is strong for stable 262 

immobilization to various materials. Because the adhesion force is controllable by the 263 

expression level of the ataA gene (Fig. 2), a desirable adhesion strength for reversible 264 

immobilization can be provided to the bacterial cells. 265 

 266 

4. Conclusions 267 

In this study, we performed adhesion force mapping of a single cell of Acinetobacter 268 

sp. Tol 5 using QI mode of AFM in liquid. Tol 5 cells showed a much stronger adhesion 269 

force than those of other adhesive bacteria including species that have a TAA other than 270 

AtaA in PBS. The adhesion force of a cell became stronger with the increase in AtaA 271 

molecules present on the cell surface. Peritrichate AtaA fibers extending laterally were 272 

visualized in a high-resolution image in liquid at the margin of the cell, in which stronger 273 

adhesions tended to be recorded than at the top side of the cell by cross sectioning of the 274 
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cell force maps. Peaks of adhesion force of 1 to 2 nN were recorded along the cross-275 

sectional lines of Tol 5 cells expressing AtaA. Many fibers of peritrichate AtaA molecules 276 

interact simultaneously to a surface, strongly attaching the cell to the surface. The adhesion 277 

force of a Tol 5 cell was drastically reduced in the presence of 1% casamino acids but not in 278 

DW, although both liquids decrease the adhesiveness of Tol 5 cells, as quantified by plate 279 

adherence assays. The QI mode of AFM, in which a probe is forced to make contact with a 280 

cell surface, revealed that DW inhibits the first cell-approaching step and casamino acids 281 

inhibit the subsequent direct interaction step between adhesins and surfaces. AFM gave us 282 

different insights on cell adhesion from the plate adherence assay. A. baylyi ADP1 283 

expressing the ataA gene showed a strong adhesion force to both silicon- and gold-coated 284 

AFM probe tips, demonstrating that the heterologous production of AtaA can provide 285 

originally non-adhesive bacteria with strong adhesion capacity for stable immobilization to 286 

various materials. 287 
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 417 

Fig. 1. Adhesion force mapping of bacterial cells. Topographies (upper) and adhesion force 418 

maps (lower) of Acinetobacter sp. Tol 5, Bartonella henselae Marseille, Yersinia 419 

enterocolitica WA-314, Pseudomonas fluorescens pf0-1, and Escherichia coli DH5. Maps 420 

were obtained in PBS by QI mode (128 px2, x-range: 5 m). Scale bars: 1 μm.  421 
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 423 

Fig. 2. Effect of the number of AtaA fibers displayed on the cells surface on the adhesion 424 

force of Tol 5’s cells. (A) Flow cytometry of Tol 5, Tol 5 ΔataA, and Tol 5 ΔataA (pAtaA) 425 

cells with different induction periods for ataA gene expression (0, 1, 2, and 6 h) using anti-426 

AtaA antiserum. (B) Adhesion force mapping of Tol 5 ΔataA and Tol 5 ΔataA (pAtaA) with 427 

different induction periods for ataA gene expression. Topographies (upper) and adhesion 428 

force maps (lower) were obtained in PBS by QI mode (128 px2, x-range: 5 μm). Scale bars: 429 

1 μm.  430 
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  432 

Fig. 3. Cross-section analysis of cell adhesion via AtaA. (A) Topography of a Tol 5 ataA 433 

(pAtaA) cell with an induction period of 2 h for the ataA gene expression obtained by QI 434 

mode in liquid. The green and magenta lines with arrowheads indicate cross-section 435 

positions. (B) & (C) Height and adhesion forces recorded on the cell along the green line 436 

(B) and the magenta line (C) shown in (A). The positions marked by colored triangles 437 

shown in (A) correspond to those with the same color shown in (B) & (C).  438 
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 440 

 441 

Fig. 4. Adhesion force mapping of Tol 5 cells in casamino acids solution and deionized 442 

water (DW). Topographies (upper) and adhesion force maps (lower) of Tol 5 cells in (A) 443 

1% casamino acids solution, PBS replaced from 1% casamino acids solution, 1% glucose 444 

solution, and in (B) DW and 100 mM KCl solution. Topographies and adhesion force maps 445 

were obtained by QI mode (128 px2, x-range: 5 μm). Scale bars: 1 μm.  446 
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  448 

 449 

Fig. 5. Adhesion force mapping of Acinetobacter baylyi ADP1 and ADP1 (pAtaA) cells. 450 

Topographies (upper) and adhesion force maps (lower) were obtained in PBS by QI mode 451 

(128 px2, x-range: 5 μm) with (A) a silicon probe and (B) a gold-coated probe. Scale bars: 1 452 

μm. 453 
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Supporting Information 455 

 456 

Fig. S1. Cross-section analysis of Tol 5 ataA. (A) Topography obtained by QI mode in 457 

liquid. The green and magenta lines indicate the cross-section positions. (B) & (C) Height 458 

and adhesion forces recorded on a Tol 5 ataA cell along the green line (B) and the 459 

magenta line (C) shown in (A). 460 

 461 
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 462 

Fig. S2. Cross-section analyses of Tol 5 ataA (pAtaA) cells with an induction period of 2 463 

h for ataA gene expression obtained by QI mode (128 px2, x-range: 5 m) in PBS. 464 

Topographies (left), adhesion force maps (center), and height and adhesion force along the 465 

gray line shown in the topographies. 466 
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 468 

Fig. S3. Schematic illustration for force mapping of a Tol 5 cell by QI mode. 469 

 470 
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Table S1. Bacterial strains used in this study. 472 

 473 

Strain Description Reference 

Acinetobacter sp. 

Tol 5 

Wild type strain, expressing ataA [16] 

Acinetobacter sp. 

Tol 5 ataA 

Acinetobacter sp. Tol 5 4140, Unmarked ataA mutant of 

Tol 5, ataA- 

[38] 

Acinetobacter sp. 

Tol 5 ataA (pAtaA) 

Previously generated ataA-complementary strain, harboring 

plasmid pAtaA, expressing ataA during L-arabinose 

induction 

[38] 

Bartonella henselae B. henselae Marseille, Patient isolate, expressing badA [31] 

Yersinia 

enterocolitica 

Y. enterocolitica WA-314 serotype O:8, harboring plasmid 

pYV, expressing yadA 

[32] 

Pseudomonas 

fluorescens 

P. fluorescens Pf0-1, expressing lapA [34] 

Escherichia coli E. coli DH5 Takara 

Acinetobacter baylyi 

ADP1 

Wild type strain ATCC 

33305 

Acinetobacter baylyi 

ADP1 (pAtaA) 

Previously generated ataA-expressing strains, harboring 

plasmid pAtaA, expressing ataA during L-arabinose 

induction 

[42] 


