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ABSTRACT Microbial biofilms are communities of cells characterized by a hallmark extracellular matrix (ECM) that confers functional attributes to the community including enhanced cohesion, adherence to surfaces, and resistance to external stresses. Understanding the composition and properties of the biofilm ECM is crucial to understanding how it functions and protects cells.  New methods to isolate and characterize ECM are emerging for different biofilm systems. Solid-state nuclear magnetic resonance was used to quantitatively track the isolation of the insoluble ECM from the uropathogenic E. coli strain UTI89 and understand the role of Congo red in purification protocols.  UTI89 assembles amyloid-integrated biofilms when grown on YESCA nutrient agar. The ECM contains curli amyloid fibers and a modified form of cellulose. Biofilms formed by UTI89 and other E. coli and Salmonella strains are often grown in the presence of Congo red to visually emphasize wrinkled agar morphologies and to score the production of ECM. Congo red is a hallmark amyloid-binding dye and binds to curli, yet also binds to cellulose. We found that growth in Congo red enables more facile extraction of the ECM from UTI89 biofilms and facilitates isolation of cellulose from the curli mutant, UTI89ΔcsgA. Yet, Congo red has no influence on the isolation of curli from curli-producing cells that do not produce cellulose. Sodium dodecyl sulfate can remove Congo red from curli, but not from cellulose. Thus, Congo red binds strongly to cellulose and possibly weakens cellulose interactions with the cell surface, enabling more complete removal of the ECM.  The use of Congo red as an extracellular matrix purification aid may be applied broadly to other organisms that assemble extracellular amyloid or cellulosic materials.    	  
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INTRODUCTION Bacterial biofilms are complex multicellular bacterial communities surrounded by an extracellular matrix (ECM) that confers protection to environmental stress such as desiccation and enhances bacterial resistance to antibiotics and host defenses [1-4]. Although bacteria and microbial fungi have traditionally been studied extensively as planktonic organisms, grown in flasks, microorganisms most often grow as biofilms in native environments. The formation of bacterial biofilms also contributes to serious and persistent human infections such as chronic lung infections, biofouling of medical implants, and urinary tract infections (UTI) [5-10]. A defining feature of a biofilm is the ECM, which is a self-produced and often complex and heterogeneous material that surrounds and protects the associated microorganisms.  Typically, ECM is rich in biopolymers and can contain proteins, polysaccharides, lipids, nucleic acids, and other molecules. The ECM is often insoluble and difficult to isolate from the cells in the community, posing major challenges to the identification and quantitative annotation of matrix parts [11,12]. Thus, the complete ECM composition of many biofilm-formers is unknown, and the composition can vary across species and even growth conditions. We have been developing integrated approaches using solid-state NMR spectroscopy together with microscopy and biochemical analyses to provide quantitative compositional descriptions of the extracellular matrix of microbial biofilms, including those formed by E. coli, Vibrio cholerae, and Aspergillus 

fumigatus [13-16]. The first contribution utilizing this solid-state NMR approach defined the composition of the insoluble ECM formed by the biofilm-forming uropathogenic E. coli strain UTI89 [13].  Solid-state NMR measurements of the intact ECM together with spectra of two known ECM parts, an amyloid fiber termed curli and a cellulosic polymer, revealed that the insoluble ECM 
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material was comprised of only these two components [13]. The major measurements employed one-dimensional solid-state NMR spectroscopy to obtain cross-polarization magic angle spinning (CPMAS) spectra and allowed a complete accounting of the matrix parts.  CPMAS can be used to quantify the number of spins at corresponding chemical shifts relative to others in a spectrum, and quantification using CPMAS has been used to characterize a range of systems in addition to the biofilm systems we have examined.  Examples include determinations of: the ratio of α- and β-forms of sugars [17] and the extent of cross-links in plant cell walls [18] and bacteria, including Staphylococcus aureus [19]. Furthermore, we discovered that the polysaccharide produced by E. coli in the ECM was a modified form of cellulose [13]. Double resonance NMR experiments were employed in this determination to identify carbons that were coupled to nitrogen and lead to the determination that the some of the glucose units in cellulose contained ethanolamine substituents. This cellulosic material can be readily isolated from a curli mutant and, as such, is non-crystalline and semi-soluble, in contrast to standard cellulose, which is crystalline and insoluble. Typical microbial cellulose isolation procedures entail harsh treatments with either strong acids or bases followed by mass spectrometry or other solution-based analyses to detect the presence of glucose units [20-22].  Such processing can result in hydrolysis and degradation of ECM material and, in UTI89, also failed to solubilize most of the cellulosic material, which may explain why the cellulose modification had eluded discovery until the solid-state NMR analysis of the intact material.   The ability to isolate and quantitatively study ECM that contains amyloids and/or cellulose, such as UTI89 ECM, is crucial due to the prevalence of these biopolymeric components across many species of microorganisms and the roles that these components play in microbial adhesion to biotic and abiotic surfaces and in biofilm production [11,23]. The 
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discovery of curli as amyloid in 2002 served as the first identification of a functional bacterial amyloid fiber and was based on significant β-sheet character as determined by circular dichroism measurements and resistance to proteases and sodium dodecyl sulfate (SDS) [24] as well as the ability of curli to bind the amyloid-binding dyes Congo red (CR0 and thioflavin T [25].  In contrast to the amyloids associated with eukaryotic amyloid diseases including Alzheimer’s, Parkinson’s, and Huntington’s diseases where soluble proteins undergo alternative and undesired protein folding pathways en route to amyloidogenic intermediates and amyloid fibers [26,27], bacteria harbor dedicated molecular machinery to assemble amyloids at their cell surface to promote adhesion [28,29] and biofilm formation [23].  A survey of environmental biofilms revealed that amyloid producers are phylogenetically diverse with members of Actinobacteria, Bacteroidetes, Firmicutes, and Gammaproteobacteria able to produce amyloids [30,31]. Additionally, homologous genes for the curli amyloid system have been found across four phyla, although only a few bacterial functional amyloid systems have been well characterized: curli/tafi produced by E. coli [32,33]/Salmonella spp. [34,35]; chaplins produced by Streptomyces 

coelicolor [36,37]; TasA fibers produced by Bacillus subtilis [38]; and FapC fibers produced by 
Pseudomonas fluorescens [39]. Similarly, cellulose is a major molecular determinant of biofilm formation by E. coli, Salmonella [35,40,41], and Pseudomonas species [42] as well as several other gram-negative and gram-positive bacteria [12]. We note that these cellulose determinations, however, were made using solution-based assays with the caveats described above.  Thus, it is possible that cellulose modifications have eluded detection and may also be present in the ECM of these organisms.    
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Both UTI89 ECM components, curli and cellulose, can bind to the dye Congo red (CR), and in the debut compositional study, UTI89 ECM samples were prepared from cells grown in CR-supplemented YESCA agar medium [13]. For the determination of UTI89 ECM composition, CR was included in the growth medium because the dye was qualitatively useful to track the ECM isolation. Growth in CR did not alter the macroscopic agar-based biofilm morphology of UTI89 or the microstructure observed in electron micrographs. Indeed, CR has not been reported to alter E. coli phenotypes [43]. CR has been used extensively in microbial studies of many bacteria [40,41,43,44] and yeast [45,46] as qualitative indicators of various matrix components, including cellulose, amyloid fibers, and other unidentified materials associated with phenotypic variations. Although CR has been used in many microbiological studies to qualitatively score the production of curli as well as cellulose and other polysaccharides in E. coli, Salmonella, and other microbial species [40,41,44], this study is the first in-depth analysis of the use of the dye CR to isolate ECM components and the first quantitative comparison of CR binding to insoluble ECM material in situ.  Here, we provide direct comparisons of agar morphologies, electron micrographs, and compositional data that reveal clear distinctions in the interactions of CR with curli and cellulose. We also demonstrated that CR facilitates isolation of cellulose and the integrated cellulose-curli matrix material from whole cells.  Furthermore, the ECM extraction procedure applied here for UTI89 E.coli should be broadly applicable to other organisms due to the prevalence of amyloid and cellulose as ECM components of many species.     
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MATERIALS AND METHODS  
Growth of E. coli and ECM extraction protocols UTI89 ECM, UTI89ΔcsgA ECM, and MC4100 curli samples for NMR were prepared using variations of the protocol developed by McCrate et al [13].  Briefly, ECM and curli samples were prepared from bacteria grown on YESCA (Yeast Extract/Casamino Acids) agar at 26°C for 60 hours, and CR (25 µg/mL) was included in the agar medium when indicated. Bacteria were harvested into ice cold 10 mM Tris buffer, pH 7.4, and sheared using an OmniMixer Homogenizer (Omni International) on ice (using motor setting 9) for five cycles of 1 min shear and 2 min rest. Cells were removed by centrifuging twice for 10 min at 5000 g.  For UTI89, but not UTI89ΔcsgA or MC4100, cells were subjected to a second round of shearing and centrifugation.  When indicated, CR (25 µg/mL) was spiked into the resulting supernatant.  Next, the supernatant was spiked with 5 M NaCl to achieve a final concentration of 170 mM and pelleted for 1 h at 13,000 g. For non-SDS-washed samples, pellets were resuspended in 10 mM Tris, pH 7.4, incubated overnight at 4 °C, and then pelleted, washed again in Tris buffer, and pelleted at 30,000 g for 30 min. For SDS-washed samples, pellets were resuspended in 10 mM Tris, pH 7.4, spiked with a 10% SDS stock to a final concentration of 4% SDS, and incubated, rocking at room temperature overnight. The ECM or curli was then pelleted for 1 h at 13,000 g, resuspended in Tris buffer, and pelleted at 30,000 g for 30 min. The latter washing step was repeated until the SDS was removed.  For extracellular samples that were collected without selective CR precipitation, no CR was included in the growth medium nor was it spiked in during the prep. The supernatant, which contained the extracellular material, was collected after shearing and cell removal, and then the resulting supernatant was dialyzed against distilled water 
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for 2 days using 100 kD molecular weight cut-off dialysis membrane. All NMR samples were flash frozen in liquid nitrogen and lyophilized.  The agar colony morphology assay was initiated by dropping 10 mL of an overnight bacterial culture grown at 37 °C onto YESCA agar medium, either with or without supplementation with CR (25 µg/mL) and incubated at 26 °C for 60 hours.    
Solid-state NMR The solid-state NMR experiments were performed using an 89-mm wide-bore Varian magnet at 11.7 T (499.12 MHz for 1H and 125.52 MHz for 13C) and a home-built four-frequency transmission-line probe with a 13.66 mm long, 6 mm inner-diameter sample coil and a Revolution NMR MAS Vespel stator. Samples were spun in thin-wall 5 mm outer-diameter zirconia rotors (Revolution NMR, LLC) at 7143 Hz, using a Varian MAS control unit. For all NMR experiments, π-pulse lengths were 7 µs for 1H and 10 µs for 13C, and the recycle delay was 2s. Proton-carbon cross-polarization occurred at 50 kHz for 1.5 ms. Proton dipolar coupling was performed at 90 kHz with TPPM modulation. The 13C spectra were referenced to TMS, which was determined relative to an adamantane standard.  
 

Transmission electron microscopy Negative staining transmission electron microscopy (TEM) was performed on bacterial samples harvested into 10 mM Tris buffer, pH 7.4, after growth on YESCA agar at 26°C for 60 h.  Samples were applied to 300-mesh copper grids coated with Formvar film (Electron Microscopy Sciences, Hatfield, PA) for 2 min and then rinsed in deionized water.  The samples were negatively stained with 2% uranyl acetate for 90 s, excess stain was wicked off with filter paper, and then the sample was air-dried.  Microscopy was performed on the JEM-1400 (JEOL, LLC).   
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RESULTS AND DISCUSSION 

Influence of Congo red during curli production and SDS washing during purification Curli are typically purified from the MC4100 strain of E. coli that produces only curli as extracellular structures. Notably, MC4100 does not produce cellulose, type 1 pili, or flagella. CR is commonly used as an indicator of curli production by MC4100, whereas MC4100 mutants lacking curli do not bind CR. We determined here that CR had no influence on the MC4100 colony morphology or apparent curli structure as observed by TEM (Figure 1A).  Solid-state 13C CPMAS NMR spectra of three curli samples were compared to examine the potential influence of CR in NMR spectra of curli and to assess the effect of SDS washing on curli-bound CR. One curli sample was prepared from bacteria grown on standard YESCA agar medium without CR supplementation. Two samples were prepared from bacteria grown on CR-supplemented YESCA agar, where one was treated with SDS after fiber purification and the other was not. The two spectra of curli isolated from SDS-treated cells grown either with CR or without CR were identical, indicating that SDS removed CR from curli fibers (Figure 1B). Samples also lost their red appearance after SDS treatment. The spectra contained only curli protein peaks (carbonyls, aromatics, alpha carbons, and other aliphatics corresponding to the curli monomer, CsgA, sequence) without any detectable NMR signal from CR (Figures 1B and 1C, Table 1). Bound CR would be readily detected in the spectrum if present at or above an amount of 5% by mass, as illustrated in Figure S1, which provides spectral comparisons of different CR-curli sample compositions.  The 13C CPMAS spectrum of curli extracted from cells grown on CR-supplemented agar but without SDS-treatment, contained the additional spectral contributions from CR as evidenced by the increased peak intensities at 128, 152, and 185 ppm (Figures 1D, black spectrum), 
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consistent with the ability of curli as amyloid fibers to bind CR. The relative contributions from curli and CR were also determined. For this determination, mass-normalized spectra of pure curli, “curli, no CR (+SDS),” and of “CR” were scaled and summed to recapitulate the “curli, CRgrown (no SDS)” spectrum (Table 1 and Figure S1). The “curli, CRgrown (no SDS)” sample contained approximately 22% CR by mass.    
Influence of CR on polysaccharide preparations from the curli mutant, UTI89ΔcsgA  Isolation of the cellulosic polysaccharide was attempted using the cellulose-producing but curli-deficient strain, UTI89ΔcsgA, following the same protocols as used above for the preparation of curli from MC4100. In contrast to curli, which could be collected by centrifugation even in the absence of CR (“curli, no CR (+SDS)” sample), no recoverable extracellular material was recovered from UTI89ΔcsgA if CR was omitted from the centrifugation-based purification protocol. We hypothesized that the cellulosic material was soluble and not collected by centrifugation in the absence of CR, whereas the presence of CR could aid in its precipitation, consistent with previous uses of CR to aid in the precipitation of β-glucans [47]. Thus, we tested whether the simple addition of CR to the cell-homogenized supernatant (after the low-speed removal of intact cells) would be sufficient to aid in the precipitation of the cellulosic material even when no CR was included in the growth medium and biofilm homogenization protocol. Indeed, this exogenous addition of CR before the last and higher speed centrifugation step to collect the extracellular material enabled precipitation of the UTI89ΔcsgA extracellular material, where this sample is later referred to as “CRspike” to identify it as having had CR spiked in after the homogenization step and to distinguish it from the “CRgrown” sample which was prepared from cells grown in the presence of CR. Interestingly, there was a difference observed in the agar 
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colony morphology of cells grown in the presence of CR: UTI89ΔcsgA communities adopted a more highly wrinkled morphology when grown on CR-supplemented agar (Figure 2A). By electron microscopy, the extracellular material also appeared to be more tightly bundled (Figure 2A).  To examine if CR affected the composition of UTI89ΔcsgA ECM, samples were prepared from cells grown with and without CR. When grown in the absence of CR, the cellulose-containing material was isolated from the cells and then precipitated by the addition of CR to the soluble material (at a final CR concentration of 25 µg/mL), presented in Figure 2B as “UTI89ΔcsgA, CRspike (+SDS).” The resulting spectrum contained contributions from CR (128, 152, and 185 ppm) and cellulose carbons, as well as a 40-ppm carbon ascribed to an ethanolamine modification of cellulose as described previously [13]. Production of the UTI89ΔcsgA ECM by cells grown in the presence of CR, “UTI89ΔcsgA, CRgrown (+SDS),” had only minor effects on the NMR spectrum (Figure 2B). Both of these samples were treated with SDS and reveal that SDS treatment did not remove CR from cellulose. To determine the amount of CR in each sample, the mass-normalized spectrum of pure CR was scaled to fit the CR contributions (peaks at 128, 152, and 185 ppm) in the UTI89ΔcsgA ECM spectra (Figure S2). The mass percent of CR was 50% in the “UTI89ΔcsgA, CRgrown (+SDS)” sample and was 48% in the “UTI89ΔcsgA, CRspike (+SDS)” sample. The potential influence of SDS washing was tested and the NMR spectra revealed that there was very little effect on the UTI89ΔcsgA ECM spectrum other than to remove a small but detectable amount of CR, illustrated in Figure 2C and with quantification by integrals in Table 1. The non-SDS-treated CRgrown sample contained 51% CR as compared to 50% in its SDS-treated counterpart described just above. Thus, unlike curli, SDS is generally unable to appreciably remove the CR that is bound to cellulose. Cellulose is 
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also able to bind more CR per mass of polymer (50% by mass) than curli which binds CR to an extent of 22% of the curli dry mass.  Furthermore, since the cellulose material was soluble when extracted from cells grown in the absence of CR, we also examined the composition of the entire supernatant after low-speed centrifugation to remove cells and dialysis of the cellulose-containing supernatant followed by lyophilization. The sample contained primarily cellulose with small protein contributions released during biofilm homogenization (Figure S3), consistent with FliC from flagella. Flagella were identified in curli-associated biofilms previously by electron microscopy [48] and FliC was specifically identified through protein gel analysis and protein identification in our ECM preparations before SDS treatment [13]. Flagella are produced by cells that are still dividing and found closest to the nutrient agar in an agar-based biofilm [48] and thus are present in the initial ECM extraction. Yet, flagella are not required or incorporated into the insoluble three-dimensional baskets or networks that are observed around E. coli and are removed by SDS treatment[48, 13]. Thus, the use of CR during growth or the use of CR as an exogenous precipitation agent added before final centrifugation helps to separate cellulose from proteins released during the ECM extraction.  
Influence of Congo red and SDS washing during isolation of UTI89 ECM Finally, we examined the biofilm-forming strain UTI89 that produces both curli and cellulose in the ECM. Cells exhibited a similar colony morphology and were visually similar by electron microscopy whether grown in the presence or absence of CR (Figure 3A). However, more ECM could be extracted when cells were grown in the presence of CR than when CR was omitted during growth and only spiked in after the homogenization step for the subsequent precipitation 
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of the material. In the latter case, CR was spiked in to a final CR concentration of 25 µg/mL as above. Typical ECM yields were 35 to 60 mg of UTI89 ECM per L agar medium when CR was included in the growth medium and only 10 to 20 mg of ECM per L agar medium when CR was not present in the nutrient agar and only spiked in for precipitation purposes. In contrast, the extraction of curli from MC4100 or the cellulose material from UTI89ΔcsgA did not have any dependence on growth with CR, and 15 to 20 mg/L of material were routinely harvested from each whether grown in the presence or absence of CR.  The NMR spectra of UTI89 ECM contained the combined spectral signatures from curli, cellulose, and Congo red. The relative amounts of each constituent depended upon whether CR and SDS were employed in the preparations as indicated in the Figure 3 spectra and tabulated in Table 1. The ECM collected from cells grown in the presence of CR had a curli content of 72%, cellulose content of 14%, and Congo red content of 14% (Figure S5a). This is consistent with previous work in which the cellulose content in the UTI89 ECM extracted from cells grown with CR was reported to range from 12-15% [13]. A replicate sample yielded a nearly identical spectrum, with the spectral overlap provided in Figure S5. When the ECM was isolated from cells grown in the absence of CR, but in which CR was used as the precipitation aid, the cellulose peaks (74, 82, and 103 ppm) were reduced (Figure 3B). The total cellulose content was reduced from 14% (“UTI89 ECM, CRgrown (+SDS)”) to 10% of the total sample mass (Figure 3B; Figure S4). Together with the decreased yield obtained for ECM extracted from cells grown in the absence of CR, this result is consistent with the hypothesis that CR aids in the extraction of the ECM, particularly the polysaccharide component. Alternatively, it is possible that cellulose production was just reduced in addition to the decreased extraction efficiency in the absence of CR. UTI89 biofilms formed in the presence or absence of CR exhibited similar macroscopic 
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colony morphologies and were indistinguishable by electron microscopy. Thus, either possibility does not result in obvious changes to the biofilm community.   One additional observation from the collective NMR spectra involves the partial removal of CR during SDS treatment of the UTI89 ECM. As noted above, SDS removed all CR from the curli-only sample, whereas SDS did not appreciably remove CR from the cellulose-only sample.  Thus, it was anticipated that SDS would not completely remove CR in the UTI89 ECM sample since it contains cellulose in addition to curli. Indeed, SDS removed only some CR contributions from the spectrum (Figure 3D), where the CR-only spectrum was shown for reference in Figure 1C. The CR that remained bound was likely associated with cellulose.  Finally, given the use of SDS in the preparation of the insoluble ECM from E. coli biofilms, we sought to examine the possible effects that SDS could have on matrix architecture.  SDS has been included in the ECM isolation in order to remove the small amount of detectable protein contaminants from flagella and cell-membrane associated proteins that are released upon homogenization, but which are not part of the insoluble matrix [13].  Thus, TEM was employed to compare the visual appearance of the SDS-treated and nontreated UTI89 ECM. Major networks of UTI89 ECM remained intact following SDS treatment (Figure 4).  
 

 
CONCLUSIONS 
 
E. coli, Salmonella, and other biofilms are commonly characterized through CR binding phenotypes and agar-based morphology assays [13, 40-46].  We have harnessed the ability of the UTI89 ECM components curli and cellulose to bind CR as an aid in the selective isolation of the ECM from cells in the UTI89 biofilm. We discovered that the ECM extraction efficiency from UTI89 biofilms formed on CR-supplemented agar was greater than when cells were grown 
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without CR, suggesting that CR may weaken the association of cellulose with the cell surface if present as the matrix components are being secreted and assembled. The ability of CR to interact with the modified cellulose produced by E. coli was also evident in experiments performed with the curli mutant, UTI89ΔcsgA. CR was required either during the growth or as an additive after the cell harvest to enable precipitation of the cellulose. In either case, cellulose bound an equal mass of Congo red to the cellulose mass. Additionally, when CR was added during the growth, a more compact and dense collection of cellulose fibers enmeshed the cells, consistent with the ability of CR to enable precipitation of the otherwise soluble cellulose fibers. This was even paralleled by macroscopic wrinkling in the drop-plate colony morphology assay. In contrast, no visual differences were observed whether UTI89 biofilms (producing both curli and cellulose) were grown in the presence or absence of CR. Due to our determination that the UTI89 ECM contains curli and cellulose in about a 6:1 ratio, we hypothesize that most of the cellulose in the UTI89 ECM is in contact with curli, leaving CR little ability to impact the packing of cellulose fibers.  Congo red has been a fascinating small molecule in the realm of microbiology and also in the broader amyloid field, commonly used to detect and diagnose the presence of β-amyloid deposits in brain tissue, for example. In these applications, CR is typically employed as a spectator dye and exploited for screening and characterization purposes. Through our work and in a more static snapshot sense, we have employed CR as a precipitation agent and tracked and detailed the presence and contributions of CR in matrix preparations. Yet, we have also observed that CR can be a more active molecular participant when biofilms are formed from cells growing on CR-supplemented nutrient agar. Growth in CR generated more densely packed cellulose fibers around UTI89ΔcsgA cells and enhanced the removal of ECM from UTI89, potentially 
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through weakening ECM interactions with the cell surface. These concepts and protocols applied here for E.coli UTI89 will be important in future atomic-level studies to model ECM architecture and should be broadly applicable to other organisms due to the prevalence of amyloid and polysaccharides as ECM components of many species. 
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Figure 1. Comparison of curli grown in the presence and absence of Congo red and the 

influence of SDS washing.  (a) MC4100 colony morphology was not altered when grown with CR. As visualized by TEM, CR did not impact the appearance of curliated MC4100 cells. (b) The 13C CPMAS spectrum of SDS-treated curli are comparable whether or not cells were grown in the presence of CR, indicating that most CR was removed in the SDS-treated sample. (c) The 
13C CPMAS spectrum of CR is provided as a spectral reference. (d) SDS-treated and non-SDS-treated curli exhibited comparable curli contributions to the NMR spectra, consistent with the ability of amyloids to resist denaturation by SDS treatment.  The contributions of CR bound to curli are apparent in the non-SDS-treated sample spectrum (black).  
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Figure 2.  Analysis of UTI89ΔcsgA polysaccharide samples as a function of Congo red and 

SDS preparation. (a) CR resulted in some wrinkling of UTI89ΔcsgA. The extracellular material appeared to be more tightly bundled by TEM. Both growth in CR (b) and treatment with SDS (c) had only minor effects on the 13C CPMAS spectra of UTI89ΔcsgA polysaccharide samples. 
 

 

 

 

 

 

 

 

 

 



	 24	

 

 

 

 

Figure 3.  Influence of Congo red and SDS on the UTI89 ECM.  (a) Bacterial biofilm formation was visualized macroscopically and microscopically in the presence and absence of Congo red. Biofilms formed by UTI89 on YESCA agar contained both curli and cellulose and exhibited the hallmark wrinkled colony morphology that is accentuated visually in the presence of CR. The colony morphology was similar for cells grown in the presence or absence of CR. Electron microscopy also suggested that the biofilms were similar, and the extracellular baskets previously reported could be identified in samples independent of growth in CR. (b) The 13C CPMAS spectrum of the UTI89 ECM from cells grown in the presence of CR corresponds to 72% curli, 14% cellulose, and 14% CR. Cellulose and CR content in the ECM was lower when CR was only added as a precipitation agent rather than included during growth (black spectrum). (c) SDS-treatment removed some, but not all, CR from UTI89 ECM, consistent with SDS being able to remove CR from curli but not cellulose.  
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Figure 4.  Effect of SDS on UTI89 ECM networks.  The TEM images show that SDS does not destroy the major networks observed in the UTI89 ECM.    
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Supplemental Figure 2.  The mass normalized spectrum of Congo red was scaled to best fit the 
spectrally resolved CR peak at 128 ppm in the three UTI89ΔcsgA-related spectra shown in 
Figure 2.  
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