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Abstract 

Curli are bacterial appendages involved in the adhesion of cells to surfaces; their synthesis is 

regulated by many genes such as: csgD and ompR. The expression of the two curli subunits 

(CsgA and CsgB) in Escherichia coli (E. coli) is regulated by CsgD, at the same time, csgD 

transcription is under the control of OmpR; therefore, both genes are involved in the control of 

curli production. In this work, we elucidated the role of these genes on the nanomechanical and 

adhesive properties of E. coli MG1655 (a lab strain not expressing significant amount of curli) 

and its curli producing mutants overexpressing OmpR and CsgD, employing Atomic Force 

Microscopy (AFM). 

Nanomechanical analysis revealed that the expression of these genes gave origin to cells with 

lower Young modulus (E) and turgidity (P0); whilst the adhesion forces were unaffected when 

genes involved in curli formation were expressed. AFM was also employed to study the primary 

structure of the curli expressed through the Freely Jointed Chain (FJC) model for polymers. 

CsgD increased the number of curli on the surface more than OmpR and the over-expression of 

both genes did not result in a greater number of curli. Neither of the two genes had an impact on 

the structure (total length of the polymer, number and length of Kuhn segments) of the curli. Our 

results further suggests that, despite the widely assumed role of curli in cell adhesion, cell 

adhesion force is dictated also by surface properties as no relation between number of curli 

expressed on the surface and cell adhesion was found.  



Introduction 

Microorganisms can colonize surfaces originating three dimensional structures (known as 

biofilms) where cells properties, such as: growth rate, susceptibility to biocides and proteomic 

profile, are generally different from their planktonic (floating) count parts 1; these phenotypical 

differences are the result of different genes expression patterns 1-3. Because of their resistance to 

sanitizing agents and consequent involvement in many infections or contaminations, biofilms are 

generally perceived negatively 4. However, properties such higher resistance to toxic chemicals, 

have been exploited in biotechnological processes as biofilm cells can survive the unfavorable 

environment, from a biological standpoint, that various chemical reactions require 5,6. 

Biofilm formation is a multi-steps process 1,6,7 that has been found to be, not only species 

specific, but also strain dependent 8. The initial phase of biofilms formation involves floating 

cells approaching a surface and establishing a reversible attachment that subsequently turns into 

an irreversible bond 1. Flagella, curli fibers and pili are different cell surface features implicated 

in biofilms formation; depending on the bacterial species, they can either facilitate the initial 

anchoring of the cell to the surface or enable the cell to actively move towards the surface when 

in the liquid phase or allow crawling on the surface for already bound cells 9. In particular for E. 

coli, curli fibers (from now on simply referred to as curli) promote cell-cell adhesion and surface 

attachment in response to unfavorable environmental signals such as low nutrients, low growth 

temperature etc.; thus, curli represent a major player in E. coli biofilm formation in response to 

environmental stresses 10.  

In E. coli the genes responsible for curli formation are organized in two operons (Figure 1): 

csgAB encoding for the two curli components (CsgA and CsgB) and csgDEFG involved in their 

control, assembly and transport 11,12. Similar operons are also present in Salmonella and they are 



denoted agfAB and agfDEFG 13. Curlin, the product of csgA, along with CsgB, acting as 

nucleator, are the main components of curli, whilst csgEFG encodes for three curling assembly 

factor 14,15. It has been found that the expression of these operons is controlled by CsgD 14, a 

transcription regulator belonging to the FixJ/LuxR family. Moreover, curli expression is 

triggered at low osmolality as controlled by the OmpR/EnvZ systems 16, is stationary phase 

dependent as controlled by the  factor RpoS 17 and is under regulation by CpxA/CpxR that are 

involved in the response of cellular proteins to acidic pH 18,19.  

 

Figure 1.Model of OmpR and CsgD roles in curli synthesis.  



OmpR binds the csgDEFG operon positively controlling curli expression 20 and the specific 

mutation of this gene ompR234 (G to T at position 43 of OmpR, corresponding leucine to 

arginine substitution) has been shown to increase E. coli adhesion to abiotic surfaces through 

increased curli production 6,20-23. We have chosen to use in this work E. coli MG1655 as it is a 

widely used curli non-producing strain whereas mutants producing curli through overexpression 

of ompR and csgD have been prepared. Because E. coli biofilms have relevance in medical and 

food-borne infections along with biotechnological applications, understanding the role of curli in 

E. coli surface colonization could allow the optimization of this phenomenon to our benefit. 

Atomic Force Microscopy (AFM) measures the deformation (and consequently the force 

exerted) of a cantilever at varying distance from a surface thus allowing the determination of the 

adhesion forces between two surfaces while a laser beam is deflected off the back of the 

cantilever 24,25. AFM has found extensive applications in microbiology 26, 27; it has allowed to 

identify virulence properties of pathogens 28,29, and to elucidate the role of specific antigens in 

adhesion 30 and surface proteins 31. Moreover, it can be employed in the investigation of both the 

nanomechanical properties of cells 32-37 and the characterization of the polymeric appendages on 

the surface as these are described by  relations linking the separation distance between the tip and 

the surface to the force exerted 38-41.   

It is generally assumed that curli expression leads to higher cell adhesion to a surface; 

however, it is still unclear the role of the genes responsible for curli production on their primary 

structure, number and adhesion forces and whether curli enhance surface adhesion through an 

increase of the adhesion forces. Our objective was to provide conclusive answers to these 

questions. In this work, we have studied the effect of two genes responsible for curli production 

in E. coli (csgD and ompR). Using AFM, we determined the spatial heterogeneity of the 



mechanical and adhesive properties of cells not expressing either of these two genes, only one or 

both of them. Furthermore, the Freely Jointed Chain (FJC) model was fitted to the retraction 

curves to investigate the role of these two genes on the number and primary structure of the curli 

produced. This allowed us to investigate the role of csgD and ompR individually and possible 

synergistic effects on curli expression. We also tested whether the magnitude of the adhesion 

forces was related to the number of curli exhibited on the surface.  

 

Materials and Methods 

     E. coli strains and growing conditions 

E. coli MG1655, its ompR234 mutant (PHL628 21) and both strains transformed with pT7-

CsgD, a derivative of the pT7-7 plasmid containing the csgD gene 22, were used in this study; the 

essential properties (genotypes and phenotypes) and adopted nomenclature of the strains used in 

this work are listed in  

Table 1. All E. coli strains were stored at 4 °C on Brain Heart Infusion (BHI, Oxoid, UK) 

plates; for plasmid-bearing strains, ampicillin was added at 100 g/ml.  

10 ml of M63 medium (100 mM KH2PO4, 15 mM (NH4)2SO4, 0.8 mM MgSO4·7H2O, 9 mM 

FeSO4·2H2O, 1 mM glucose, adjusted to pH 7.0), supplemented with ampicillin (100 g/ml) 

when necessary, were inoculated with a loopful of cells and incubated statically for 24 h at 30°C. 

 

 

 

 

 



 

Table 1. Different genotypes and phenotypes of E. coli strains used.  

Strain Relevant genotype  Relevant characteristics 

MG1655 Reference strain Reference strain 

PHL628 ompR234 derivative of MG1566 Reference strain Overexpressing OmpR 

MG1655 pT7-

7CsgD 

MG1566 transformed with pT7-

7CsgD 

Reference strain Overexpressing CsgD 

PHL628 pT7-7CsgD PHL628 transformed with pT7-

7CsgD 

Reference strain Overexpressing OmpR and 

CsgD 

    

 

 

  Cell adhesion quantification 

200 l of the cells suspension prepared as described above were placed in 96 wells plate and 

incubated for 24 h at 30°C. Each well was rinsed three times with sterile PBS and cells adhering 

were quantified staining with 0.2 ml of Crystal Violet solution (0.1 % (w/v)) for 15 min. The 

wells were washed with water three times and 100 l of ethanol were then added to each well. 

The crystal violet was allow to dissolve for 1 hour and the optical density of the ethanol solution 

determined at 570 nm using a UV-vis spectrophotometer.  

      

     Gene expression determination by RT-PCR 

RNA extraction from bacterial cultures in stationary phase and quantitative real-time PCR 

experiments were performed as previously described 47. The relative transcript amounts were 

determined using 16S rRNA as the reference gene. Results are the average of two technical 

replicates performed on two biological samples (four experiments in total) and presented 

normalized against E. coli MG1655.  



   

     Growth rates determination 

10 mL of fresh sterile M63 broth, supplemented with ampicillin (100 g/ml) when necessary, 

were inoculated with a loopful of cells and incubated statically at 30°C. After 24 h, 10 μl of each 

cell suspension were used to inoculate 10 mL of fresh sterile M63 medium, supplemented with 

ampicillin (100 g/ml) when necessary. 200 μl from this new suspension were transferred in a 

well of a 100 wells plate (Bioscreen C, Labsystems, Helsinki, Finland). The bacterial growth 

curves at 30 °C were recorded every 15 min through optical density (OD) at 600 nm (OD600) 

using a plate reader (Bioscreen C analyzer; Labsystems, Helsinki, Finland). 

All tests were performed in triplicates and on three independent cultures resulting in 9 growth 

curves for each bacterium. Each growth curve was fitted using the Gompertz growth model to 

extract values of lag phase and growth rate. Results are presented as mean and standard 

deviation.  

 

      AFM analysis 

100 l of cell suspension were deposited onto a glass (1 x 1 cm) pre-coated with 100 l of a 

solution of poly-L-lysine in water 0.1% (w/v) (Sigma) dried overnight. After 30 min the glass 

was rinsed in PBS three times and was placed in an open liquid cell made of 

polychlorofluoroethylene, PCTFE (Park Systems, Korea) using PBS as the aqueous 

environment. 

Atomic Force Microscope (AFM) (XE-100 Advanced Scanning Probe Microscope (Park 

Systems, Korea) was used for adhesion forces measurement using a cantilevers (Veeco, ORC8-



10) with a tip radius of 15 nm and a nominal spring constants (Kcantilever) of 0.05 N/m; the actual 

spring constant of the AFM cantilever was determined using the Sader method. 

E. coli cells were first located through 5 x 5 µm scans and, after further zoom, 20 approaching 

and retracting z-piezo coordinates vs. deflection curves without delay were extracted from 

randomly selected points on the surface of each cell; the force acting on the AFM was calculated 

from the deflection through the cantilever spring constant. This was repeated for at least 10 cells 

originated from three individual cultures of each strain resulting in at least 600 (20x10x3) AFM 

curves for each strain. Results for each parameter are presented as distribution of the >600 values 

calculated.  

 

     Nanomechanics 

The approaching part (trace) of the AFM curves was used to calculate the nanomechanical 

properties of the cells. The Young modulus of the point on the cell surface under investigation 

was determined fitting the Sneddon variation of the Hertz model to the initial region of 

indentation between AFM tip and cell surface.  
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where: 

F = force recorded by AFM 

E = Young modulus 

 =  the semi-top angle of the tip (18 °) 

 = Poisson ratio 

 = indentation depth 

 

and 

 

cantileverK*deflection cantilever =F  (2) 

 



The spring constant of the cell surface (kb) in the location probed was determined through the 

slope of the curve after the Hertzian regime. 

b =F k  (3) 

where: 

F = force recorded by AFM 

kb = spring constant of the cell 

 = indentation depth 

 

Both models require the determination of the separation between cell surface and AFM tip (); 

this was calculated from the coordinates (z-piezo) of the trace curve assuming that the point of 

contact corresponded to the local minimum of the deflection force; from this: 

 

0zz   (4) 

where: 

z0 =  z-piezo value of the minimum of the trace curve 

 = indentation depth 

 

then Eq. 1 and 3 were fitted, using the minimum residual sum of squares method through an 

in-house written FORTRAN code.  

 

 

The cell turgidity (pressure difference across membrane) or "turgor pressure" was calculated 

from the cell spring constant (kb) as 42,43: 

)(  *

0  RPkb   (5) 

where: 

 = 3/2 
Po =  turgor pressure 

R =  cell radius 

* = reduced tip radius  

 



The reduced tip radius was calculated as 44: 
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where: 

0 = AFM tip radius 

 =  cell lateral modulus of compression 

 

 

Furthermore, the function φ(x)described in Eq. 5 is 44: 
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where K1 and K0 are the modified Bessel functions of order 1 and 0, respectively. 

 

 

     Adhesion forces and curli characterization 

The adhesion force in each location of the cell surface was determined as the minimum value 

of the retrace part of the force curve related to that point. 

It is assumed that curli are polymeric chains stretched during AFM tip retraction as one 

extremity is attached to the tip whilst the other is fixed to the cell. The relation between the force 

required to elongate the polymer and the deformation is measured during AFM retraction, such 

relation depends on the polymer properties. Increasing applied forces are required with 

increasing polymer deformations; however, when the applied force reaches the adhesion force 

between polymer and tip, breaking of the bond between polymer and tip occurs. This 

phenomenon results in a sudden drop in the force vs. separation distance of the retrace curve (so 

called polymer rupture). When two or more polymers are initially attached to the AFM tip, the 

overall stretching process is the combination of the mechanism described for a single chain. In 



case the polymers exhibit different properties, the force vs. separation distance curve presents a 

sequence of polymer stretch/rupture stages resulting in a typical "saw tooth" profile. Each 

rupture represent one polymeric chain. 

Areas of interested (corresponding to a single curli fiber deformation) were first identified as 

segments of monotonically decreasing interaction force between cell and tip at positive 

separation distances (no indentation) as described by Polyakov et al. (2011) 40; then the Freely 

Jointed Chain (FJC) model was employed to determine the characteristics of the curli expressed 

in response to the over-expression of CsgD and/or OmpR. The FJC model for a polymer 

subjected to a pulling force assumes that the polymer chain is made of many rigid segments 

(Kuhn segments) jointed together; it is described by the following equation: 
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where: 

z extension of the polymer 

Lc total contour length of the macromolecule 

lk  Kuhn length 

Kbolt Boltzmann constant 

T Temperature 

F pulling Force 

 

This is: 
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Where L is the Langevin function. 

 

Therefore, Eq. 8 can be expressed in terms of Force vs. Separation distance as: 
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where: 

L-1 is the inverse of the Langevin function, this can approximated as: 
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Eq. 10 and 11 can be combined into: 
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Eq. 12 was fitted, using the least squares method, through an in-house written FORTRAN code, 

to the relevant regions of each retrace curve. Rupture points per each retrace curve were 

determined as points of local minimum of the retrace curve and this was used to estimate the 

number of curli expressed by E. coli cell on the surface location under AFM analysis. 

 

Once the parameters Lc and lk for each curli were estimated through the fitting process, the 

following additional parameters were also calculated: 

k

c

l

L
N     number of Kuhn segments in the chain (13) 

 

curli density = Number of rupture points (14) 

 

and their distributions determined.  



A schematic illustration depicting the procedure employed to analyze the retrace curve is 

shown in Figure A1. 

 

     Statistical analysis 

Overall surface heterogeneity of nanomechanical properties, adhesion forces and curli 

characteristics was investigated through the variance of the measurements on a single cell (20 

locations) over the variance of all measurements (20 locations on 30 cells). 

Crystal Violet and csgB relative expression results were analyzed using ANOVA test followed 

post hoc by Tukey’s test individual pairs of data sets (p<0.05).  

Forces of adhesion were tested for Gaussian distribution using the chi-square test (2 test). In 

light of the non-normal distribution of the parameters (mechanical, adhesion force and curli); the 

variations among strains were investigated with the Kruskal-Wallis test followed post hoc by 

Dunn’s test for individual pairs of data sets.  

 

Results 

     Cell growth rate and adhesion quantification 

The possible influence of the gene expression alteration on the baseline growth of the strains was 

investigated as differences in growth rate and lag phase duration could have effect on the 

quantification of adhering cells. Individual growth curves were fitted with the Gompertz growth 

model that provided a good match to the experimental data (Figure A2). No variations were 

observed in the phase duration as results of the overexpression of CsgD (Table 2). The growth 

rate decreased instead in the curli producing strains (Table 2). 

The adhering properties of E. coli strains were determined using the crystal violet staining 

assay (Figure 2a). E. coli MG1655, the curli non producing strain, returned the lowest amount of 



adhering cells (p<0.05); constituting a "base line level" of attachment. The curli producing strain 

through CsgD over-expression (E. coli MG1655 pT7-7CsgD) returned higher adhering cells than 

the curli producing strain through over-expressing OmpR (E. coli PHL628) (p<0.05); no 

difference (p>0.05) was found between E. coli MG1655 pT7-7CsgD and E. coli PHL628 pT7-

7CsgD that produces curli through the over-expression of both OmpR and CsgD. CsgD over-

expression leads to a 10-fold higher level of csgBA mRNA compared to the ompR234 mutation 

of PHL628 (Figure 2b).  

 

 

Table 2. Growth rate and lag phase duration of E. coli strains used in M63 medium obtained 

from fitting Gompertz model to growth curves (n=9).  

Strain Lag phase (hours) Growth rate (hours-1) 

MG1655 13.30 ± 0.81 0.0130 ± 0.0005 

PHL628 12.40 ± 1.52 0.0061 ± 0.0006 

MG1655 pT7-7CsgD 16.33 ± 3.35 0.0044 ± 0.0010 

PHL628 pT7-7CsgD 15.13 ± 2.96 0.0036 ± 0.0006 

 



 

 

Figure 2. Crystal violet staining of adhering cell of E. coli strains (a) and relative expression 

levels for csgB transcript over 16S rDNA (b) in stationary phase cells determined through qPCR. 

Lines over bar represent groups not significantly different (ANOVA test followed post hoc by 

Tukey’s test for individual pairs of data sets). Level of significance p=0.05. 

 

 

 

 

 



 

     Nanomechanics 

The modeling of the AFM approach curve with the Hertz model immediately after the contact 

between tip and cell gave a good fit and allowed the determination of E, whilst the latter part of 

the curve was well fitted by a linear curve whose slope corresponded to the cell spring constant 

(used to calculate Po); an example of such fitting for E. coli MG1655 is shown in Figure 3. 

 
 

Figure 3. Example of fitting of approach curve with Hertz model and spring constant (linear).  

 data    fitting curve 

 

Each parameter determined through AFM in this study was estimated on numerous (20) 

different locations on the surface of each cell (surface mapping). This allowed us to assess the 

surface heterogeneity (spatial variation) of every parameter. The variance of the measured values 

on a single cell was about 80% of the total variance of the measurements carried out on the strain 

under consideration indicating that the variation was predominantly intracellular than between 

cells. Figure 4 shows an example of surface mapping of Young modulus (E) for E. coli MG1655 



and spatial heterogeneity is clearly noticeable; further examples for the other strains are 

presented in Figure A3.  

 

Figure 4. Example of values of Young modulus (E) measured on 20 different locations (surface 

mapping) on the surface of a single cell of E. coli MG1655. Bar represent 200 nm. 

 

All strains of E. coli employed in this work had values of E and P0 (Figure 5) not following a 

Gaussian distribution. For E. coli MG1655 (reference strain) the median value of the Young 

modulus was 268 kPa and P0 equal to 105 kPa, moreover no point on the cell surface had E > 800 

kPa and P0 > 290 kPa. For E. coli PHL628 (over-expressing OmpR) and MG1655 pT7-7CsgD 

(over-expressing CsgD) the distributions exhibited remarkably lower values for both Young 

modulus and turgidity. These two strains had median values of E about 15 kPa and P0 about 50 

kPa (Figure 5). E. coli PHL628 pT7-7CsgD (over-expressing OmpR and CsgD) (Figure 5) had a 

median values of E of 750 kPa whilst its turgidity had a median value of 560 kPa. E. coli 

MG1655 and PHL628 pT7-CsgD were statistically different from all other strains; PHL628 and 

MG1655 pT7-CsgD were not different (p<0.05).  



 

 
Figure 5. Statistical distribution of the Young modulus (a) and Turgor pressure (b) measured 

over 20 locations on the surface of several cells of E. coli. Lines over bar represent groups not 

significantly different (Kruskal-Wallis test followed post hoc with a Dunn’s test for individual 

pairs of data sets). Level of significance p=0.05. 

 

 

     Adhesion forces 

The adhesion force between AFM tip and cell for each location analyzed was determined as 

the minimum value of force acting on the AFM cantilever during tip retrace. Surface mapping of 

all strains used in this work, highlighting surface heterogeneity of the adhesion forces, are shown 



in Figure A4. The distributions of the adhesion forces for all strains are presented in Figure 6, 

they appeared not normally distributed in all cases (p<0.05). The median adhesion force for E. 

coli MG1655 (reference strain) was 0.4 nN. All strains were not statistically different (p<0.05). 

 

 
Figure 6. Distributions of adhesion forces measured over 20 locations on the surface of several 

cells of E. coli. Not significant differences found (Kruskal-Wallis test).  Level of significance 

p=0.05. 

 

     Curli primary structure analysis 

The primary structure of the curli expressed by the E. coli cells was investigated through AFM 

retrace curves. Examples of such retrace curves are shown in Figure 7; it can be seen that the 

curli non-producing strain E. coli MG1655 (Figure 7a) did not show the characteristic "saw 

tooth" profile related to polymer ruptures. This profile, instead, was evident for E. coli strains 

that produced curli as seen for PHL628 (Figure 7c), MG1655 pT7-7CsgD (Figure 7b) and 

MG1655 pT7-7CsgD (Figure 7d). Furthermore, it is also noticeable the relative high "goodness 

of fit" returned by the FJC (Figure 7b, c and d) for each segment of the retrace curve that 



corresponded to a curli; this was also quantified through the determination of R2 between model 

prediction and experimental data for each curli segment that was generally >0.95. The primary 

structure of the curli was determined through the estimation of the FJC model parameters. 

Further examples of retrace curves and FJC model fittings are shown in Figure A5. 

 

 
 

Figure 7.  Examples of retrace curves for E. coli MG1655 (a), E. coli MG1655 pT7-7CsgD (b), 

E. coli PHL628 (c), E. coli PHL628 pT7-7CsgD (d) and fitting with FJC.  

 retrace curve   FJC fitting  

 

 

 



 
 

Figure 8. Box and whiskers plots of curli parameters according to FJC. (a) lk, (b) Lc, (c) N and 

(d) number of ruptures measured over 20 locations on the surface of several cells of each E. coli 

strains. * represents a group significantly different (Kruskal-Wallis test followed post hoc with a 

Dunn’s test for individual pairs of data sets) from the others. Level of significance p=0.05. 

  



The analysis of the AFM retrace curves revealed that the curli produced by all E. coli strains 

used in this work did not exhibit differences (p>0.05) in their primary structures as the median 

values of lk and Lc were about 0.2 nm and 0.3 m respectively (Figure 8). Furthermore, the 

distributions of these parameters did not appear to follow a Gaussian profile. In consequence of 

these two parameters not varying among the strains used in this work, also the resulting number 

of Kuhn segments in the curli remained the same at about 1000 units. The most significant 

difference among the E. coli strains used in this work was the median number of ruptures per cell 

that described the density of curli on the surface. For E. coli MG1655 (reference strain) and 

PHL628 (over-expressing OmpR) this was equal to 4; E. coli MG1655 pT7-7CsgD (over-

expressing CsgD) exhibited 14 ruptures per curve or more in 50% of the cases and E. coli 

PHL628 pT7-7CsgD (over-expressing OmpR and CsgD) had a median number of ruptures per 

curve of 6. 

 

 

Discussion 

Cell adhesion results (Figure 2a) are agreement with previously published data 21,22 and with 

the observation that CsgD over-expression leads to a 10-fold higher level of csgBA mRNA 

compared to the ompR234 mutation of PHL628 (Figure 2b), thus suggesting a correlation 

between the two phenomena. Furthermore, also the non curli producing strain (E. coli MG1655) 

was capable of adhering to the substrate, hence the presence of these surface appendages is not 

essential for adhesion but they are capable of enhancing this phenomenon. 

Forces of adhesion measured on chemically homogeneous surfaces are known to display small 

level of variability, whereas adhesion forces between cells and surfaces exhibit greater level of 

variability. The origin of these variations can be physical, biological, chemical and practical 29,45; 



apart from the practical aspects leading to variability, the other factors are intrinsic and depend 

on the non-uniform distributions of the composition/concentration of biomolecules on cells 

surfaces. This hindsight led to the concept of surface mapping of cells properties (not only 

adhesion forces) also known as heterogeneity of surface properties 29,34-37. For this reason, on 

each cell we performed AFM analysis (trace and retrace) on 20 different points on the surface 

instead of a single one. Moreover, the amount of variation for a single calculated parameter i.e. E 

on a single cell represented about 80 % of the total variation obtained throughout all replicates 

hence our results re-affirm the non-uniform spatial distribution of bacterial surface parameters 

(Figure 4, A3 and A4).  

AFM is a very powerful tool to study interaction forces in biological systems at the nanoscale 

level where the biomolecules present on the cells surfaces govern the adhesion properties. 

Moreover, when polymeric appendages are present on one of the surfaces, the structure of such 

polymers can be studied through a relation between the force applied to stretch the polymer 

chain and its structural parameters such as: the length of the chain segments and their overall 

number 38,40,41. The heterogeneity of the polymers on a surface results in many segments of the 

retrace curve, each related to an individual polymer chain, and the characteristic “saw tooth” 

profile of such curves, where each snap-off (polymer rupture) event corresponds to the breaking 

of the bond between a specific chain and the counter-surface 28,38-42. The range of separation 

distances between tip and cell surface over which curli rupture occurred increased with number 

of ruptures detected in the retrace curve (Figure 7 and A5). For example, all ruptures for E. coli 

MG1655 (mean values of n = 4) were identifies at separations smaller than 200 nm, whilst for E. 

coli MG1655 pT7-7CsgD7 (mean values of n = 14) ruptures were observed at distance up to 

1400 nm. This had an impact on the wider distribution of curli parameter Lc observed (Figure 8).  



AFM has also been used to calculate the mechanical properties of cells, modeling the initial 

part of the indentation curve with the Hertz model; while at greater indentation depths, a linear 

relation between indentation depth and force has been used 40,41. This approach derives from the 

Hertz model assumption of a semi-infinite material; in order to operate when this assumption is 

valid, an indentation depth of no more than 5-10% of the average cell height was suggested 46 ; 

for deeper indentations a linear response between indentation and applied force was assumed 

instead. The nature of the AFM tip material has possible implications only on the adhesion forces 

measurements; whilst the nanomechanical properties and the analysis related to the curli are not 

influenced by the nature of the tip because the Hertz and FJC models are independent from the 

material indenting the cell (as long as E of the cell is significant lower than the Young modulus 

of AFM tip) or stretching the polymeric appendices. 

The temperature conditions employed in this work were chosen as curli expression is optimal 

at 30 °C and almost absent at 37 °C 47. Furthermore, the growth medium (MG63) and the low 

glucose concentration were chosen for analogous reasons. The lower growth rate exhibited by 

the curli producing strains (Table 2) could be linked to the extra metabolic requirements 

connected to the synthesis of these polymeric chains.  

Our results showed that OmpR and CsgD do affect the mechanical properties of the cells outer 

surface; the much lower E and P0 of expressing curli (E. coli PHL 628 and E. coli MG1655 pT7-

7CsgD) is probably the result of the increased need to excrete the curli subunits CsgA and CsgB 

or through the role of CsgD in the regulation of cellulose production 12,47,48. The values of Young 

modulus (E) for E. coli MG1655 obtained in this work (Figure 5) were similar to those presented 

by Oh et al. 49 and Chen et al. 50 for other strains of E. coli. In general, surface distribution of E is 

assumed to follow a Gaussian profile 35, whilst not normal distribution for adhesion force and 



curli geometrical parameters have been reported 40,41. Moreover, our result do not agree with the 

finding of Oh et al. 49 that demonstrated that over and under expression of CsgA in E. coli 

W3110 results in lower E than parent cells, again possibly in consequence of CsgD role on 

cellulose production. Francius et al. 35 measured the mechanical properties of E. coli MG1655 

expressing gfp and reported E = 300 kPa that is about the same we found. Nonetheless, as shown 

in this work that curli alter the surface properties of E. coli, also other appendages (adhesins, pili 

and fimbrie) induce mechanical and electrokinetic changes on cell surfaces 35. The observation 

that the PHL628/pT7CsgD strain behaved differently from the other curli-overproducing strains 

might appear surprising. However, both the ompR234 mutation and csgD overexpression lead to 

altered expression of genes other than curli, such as genes involved in cellulose production, outer 

membrane permeability, sugar uptake, etc., in a mutation-specific manner 21,22,36. Thus, the 

different effect of the combination of the two mutations in comparison to the behavior of the E. 

coli PHL628 and E. coli MG1655/pT7CsgD (Figure 5) would suggest that curli might not be 

alone responsible for the effects on elasticity and turgor and that OmpR and csgD effects on 

stimulating curli production is not addictive. A possible explanation for this observation could be 

that elasticity and turgor are properties influenced by the cell wall properties and not just by the 

presence of appendixes such as curli. 

When two bodies are in close proximity the interfacial interactions can result in adhesion; this 

phenomenon is regulated by chemical-physical parameters and the force required to separate the 

two bodies is known as “adhesion force” 24,25,51. Many theories have been developed to study and 

predict adhesion, i.e. from the fundamental Hertz theory of contact mechanic, the JKR and DMT 

models have been proposed to take into account the additional contribution of adhesion to 

interfacial forces between contacting surfaces 24,25. These theories have been applied successfully 



to situations spanning over a range of applications characterized by a very wide characteristic 

dimension, from the macroscale level of bearings to the nanoscale level of molecules. The forces 

originated between a cell and a substrate are crucial in determining the colonization of the 

surface; for examples the greater the force between a bacteria and a material the higher the 

biofilm formed on such substrate 1.  

The geometrical properties determined for the curli were: length (lk), number (N) of Kuhn 

segments and the overall length (Lc), whilst the amount of curli expressed was correlated to the 

number of ruptures observed in the retrace curve. FJC model was chosen to model the relation 

between curli stretching (Figure 7) and applied force because it was found capable of accurately 

fit the behavior of bacterial cell appendages 39-41. Curli overproduction in E. coli MG1655 was 

obtained either by the gain-of-function ompR234 mutation in the PHL628 strain, in turn leading 

to increased transcription of the csgD gene, or by direct csgD overexpression via the pT7CsgD 

plasmid. Both genes did not appear to modify the structure of these appendages but only their 

average number (Figure 8). The over-expression of CsgD from pT7CsgD increased the number 

of curli more than ompR234 mutation, an observation consistent with the higher levels of csgD 

transcription (data not shown). Furthermore, the effect of these genes on the number of curli was 

not synergistic as the number of curli in PHL628 pT7-7CsgD was not greater than in MG1566 

pT7-7CsgD7. CsgD is a regulator for csgA and csgB and these genes produce the two subunits of 

curli (CsgA and CsgB) that are excreted from the cell and assembled into curli 14,15. Our work 

shows that neither OmpR nor CsgD are involved in the regulation of the length of the curli. In 

addition, no correlation was found between the adhesion forces and the number of curli as 

adhesion forces were unaffected by the production of curli (Figure 6). This result is not in 

agreement with the established notion that curli enhance surface adhesion through higher 



interfacial forces. Interesting, cell adhesion increases with the pattern MG1655 < PHL628 < 

MG1566 pT7-7CsgD7 = PHL628 pT7-7CsgD (Figure 2); this, along with the similar curli 

structure and adhesion forces in all strains tested, indicates these parameters are not the only 

factors related to increased adhesion. For example, surface roughness, concentration of ions in 

the liquid phase, hydrophobicity/hydrophilicity and shear forces have been shown to be involved 

in the adhesion of bacteria to surfaces 1. 

The effect of OmpR and CsgD on the characteristics of the cell membrane (Figure 5) was also 

evident in the change of mechanical properties of the cells in response the expression of these 

genes clearly proving evidence of the involvement of these genes in surface characteristics. 

The findings of this work could have application in biotechnology where engineered biofilms 

are required, therefore, the knowledge of the most adhering strains could provide a higher 

process yield 6 or in antifouling research elucidating the role and structure of curli. 

 

Conclusions 

Biofilm formation is a critical event in many systems, from food safety to infections and 

biotechnology. Cell adhesion is a complex process regulated by many genes and is governed by 

the force acting between a substrate and the cell surface. Some of the most noticeable genes 

involved in E. coli adhesion are ompR and csgD through their regulation of curli production. We 

have shown that the over-expression of these genes results in heterogeneity of the cell surface. 

Curli production did not result in higher adhesion forces between cells and AFM tip, furthermore 

these genes did not result in different curli primary structure but in their number. Mechanical 

properties (Young modulus and turgidity) of the cell were affected by the expression of these 

genes. Despite the general assumption that curli are responsible for cell adhesion, changes in 



surface chemical-physical properties seem more likely to be the cause of higher cell adhesion 

than adhesion forces. 

The correlation between curli number - adhesion forces - cell adhesion has always been 

assumed but never tested. We were the first to investigate this and found not to be the case, at 

least for the E. coli strain employed in this work. 
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