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Abstract

:

Biofilm formation is one of the main obstacles in membrane treatment. The non-oxidizing biocide ethyl lauroyl arginate (LAE) is promising for mitigating biofilm development on membrane surfaces. However, the operating conditions of LAE and their impact on biofilm detachment are not comprehensively understood. In this study, a real-time in vitro flow cell system was utilized to observe biofilm dispersal caused by the shear rate, concentration, and treatment time of LAE. This confirmed that the biofilm was significantly reduced to 68.2% at a shear rate of 3.42 s−1 due to the increased physical lifting force. LAE exhibited two different mechanisms for bacterial inactivation and biofilm dispersal. Biofilms treated with LAE at sub-growth inhibitory concentrations for a longer time could effectively detach the biofilm formed on the surface of the glass slides, which can be attributed to the increased motility of microorganisms. However, a high concentration (i.e., bactericidal concentration) of LAE should be seriously considered because of the inactivated sessile bacteria and their residual debris remaining on the surface. This study sheds light on the effect of LAE on biofilm detachment and provides insights into biofouling mitigation during the membrane process.






Keywords:


biofilm detachment; non-oxidizing biocide; ethyl lauroyl arginate; flow cell; biofouling












1. Introduction


Membrane-based technologies are widely applied in seawater desalination, wastewater treatment, water reclamation, and resource and energy recovery [1,2,3]. However, the performance of membrane processes is largely limited by membrane fouling, which can increase the feed pressure drop, deteriorate the permeate quality, and reduce the membrane lifespan [4,5]. Compared to other fouling types (organic and inorganic) and scaling, biofouling caused by microorganism deposition and biofilm formation on membrane surfaces has attracted special attention [6,7,8,9]. Because the feed solution inevitably contains various nutrients and microorganisms even after rigorous pretreatment, bacteria can establish an adhesive biofilm by secreting extracellular polymeric substances (EPS) to protect them from the surrounding environment, which is highly intractable for sustainable membrane operation [5,10,11,12,13]. Previous studies revealed that biofilm-enhanced concentration polarization (CP) can greatly impair the overall performance of membranes in both pressure-driven and osmotically driven membrane processes [6,14]. Hence, it is necessary to develop effective membrane biofouling control strategies and novel characterization approaches.



In addition to the pretreatment of the feed solution to prolong the time at which biofilm forms on the membrane and spacer surfaces, substantial efforts were made to mitigate biofouling, such as physical flushing, osmotic backwashing, chemical cleaning, and membrane and spacer modification [7,8,15,16,17]. The prevention of initial biofilm deposition on the membrane surface is important for maintaining sustainable water production, which is why many studies focused on membrane surface modification to mitigate bacterial adhesion [18,19,20]. Nevertheless, there is an urgent need to develop effective approaches (e.g., treatment and characteristic methods) to control the biofilm formed inside the membrane systems, such as triggering bacterial dispersion and biofilm detachment [21,22]. For instance, biocides can effectively minimize biofouling in seawater reverse osmosis (SWRO) plants because they can inactivate microorganisms and induce biofilm matrix dispersion from the membrane surface [23]. Biocides can be classified into oxidizing biocides (e.g., chlorine, bromine, and chlorine dioxide) and non-oxidizing biocides (e.g., quaternary ammonium compounds and glutaraldehyde). It is well known that most oxidizing biocides have compatibility issues with polyamide membranes because free chlorine can attack the amine functional group. Chlorination and de-chlorination occasionally enhance biofouling rather than control it [24,25,26].



In contrast, non-oxidizing biocides with broad-spectrum antimicrobial effects and good compatibility with polyamide membranes, such as 2,2-dibromo-3-nitrilopropionamide (DBNPA) [27], are successfully applied in some reverse osmosis (RO) plants [28]. Ethyl lauroyl arginate (LAE), a preservative and cationic biocide, is widely used in food and medical fields, and was approved by the Food and Drug Administration (FDA) in 2005 [29]. Previous studies [30,31] revealed that the cationic liposomes (e.g., stearylamine) or biocides (e.g., quaternary ammonium) can specifically electrostatically bond with bacterial cell walls and biofilms. Indeed, the LAE is an amphiphilic molecule consisting of a positively charged head (i.e., L-arginine) and an aliphatic tail (i.e., lauric acid). For this reason, the positively charged LAE can interact with the negatively charged surface of a bacteria cell and cause disturbances in the cell membrane potential and structural changes, thus inducing the loss of cell viability [32,33]. This action mode of LAE rationally explains why the LAE has high antibacterial activity against a wide range of microorganisms (e.g., bacteria, fungi, yeast, and algae). LAE is also proven to be safe and non-toxic in mammals and the human body [34,35]. In our previous studies, LAE was proposed as an effective non-oxidizing biocide for direct dosing in the RO process and showed high inhibitory effects on biofilm formation as well as good compatibility with the membrane [36,37].



Generally, the biofilm development consists of four stages, including (1) the initial adhesion of microbials to a surface, (2) formation of microcolonies, (3) maturation of the biofilm, and (4) the dispersal or decomposition of the biofilm, which accompanies the bacteria itself to switch from a solitary planktonic lifestyle to the communal biofilm lifestyle [38]. It was recognized that the switch from motile to sessile cells is critically important for its ability to colonize on the surface. For the planktonic cells in liquid, the movement behavior of cells is controlled by the swimming motility, which is powered by rotating flagella. In contrast, the swarming and twitching play dominant roles in the cell’s movement under a solid surface or biofilm lifestyle, which are mediated by the helical flagella and type IV pili, respectively [39]. It was evidenced that the migration of bacteria can affect the phenotype and structure of biofilm [38]. Previous study also reported that the cationic peptide can effectively inhibit the biofilm by altering or simulating the swarming and twitching motilities [40].



However, previous studies lack a sufficient understanding of the mechanism of LAE in the control of attached microorganisms in biofilms [36]. Additionally, operational guidelines for LAE treatment, such as applicable concentrations, dosing times, and dosing methods, should be systematically investigated. Generally, the lab-scale RO unit has limitations and difficulties in the real-time observation of bacterial transfer properties near the membrane surface. Recently, transmission flow cells with a viewing window combined with a microscope were successfully utilized in biological and membrane fields, which can be used in in vitro assays of initial bacterial adhesion [41] and deposition [42,43] on various material surfaces. We speculate that a continuous flow cell system, featuring real-time biofilm monitoring, is critically important and useful for exploring the operational conditions of LAE treatment.



In this study, the operational guidelines for LAE (e.g., dosing methods, times, and concentrations) and the shear rate effects on biofilm detachment were systematically determined. The mechanisms underlying the ability of LAE to mitigate biofilm formation were also critically discussed. This study not only sheds light on the role of LAE concentration on biofilm detachment, but also provides an operation guide of non-oxidizing biocide for biofouling mitigation. Moreover, this study developed a novel in situ and real-time biofilm monitoring method, which can be used as a research paradigm for biofilm inhibition and detachment in the field of membrane-based water treatment and industrial cooling water systems.




2. Materials and Methods


2.1. Bacteria, Biofilm Formation, and Preparation of LAE Solution


Pseudomonas aeruginosa strain PA14 (PA14) was used as a model gram-negative bacterium for the flow cell test in this study. PA14 was cultured overnight in a shaking incubator at 250 rpm and 37 °C in AB medium (300 mM NaCl, 50 mM MgSO4, 0.2% vitamin-free casamino acids, 10 mM potassium phosphate, 1 mM L-arginine, and 1% glucose, pH 7.5). LAE powder (95%, CDI, Hwaseong, South Korea) was dissolved in deionized (DI) water. LAE solutions were filtered using a 0.22 µm syringe filter and adjusted to pH 7 using 1 M NaOH and 1 M HNO3 solutions. The LAE solutions were prepared at concentrations of 0.42, 4.2, and 42 mg/L.




2.2. Setup of Flow Cell System and Calculation of Shear Rate


Real-time bacterial detachment was observed using a flow cell system. Briefly, the glass slides were first immersed in a Petri dish containing 20 mL of AB medium with 1 mL of PA14 suspension (optical density (OD) at 595 nm = ~1.0) and then incubated for 24 h at 37 °C to form biofilm on the glass slide surface. A flow cell reactor (FC 81, BioSurface Technologies Corporation, Bozeman, MT, USA) was adopted as the flow channel for dosing the LAE solution and phosphate-buffered saline (PBS) to observe cell detachment. The dimensions of the flow channel were 13 mm × 3 mm × 50 mm (W × H × L). The flow cell system (Figure 1) consisted of a flow cell reactor, live cell imaging microscope (JuLITM, NanoEnTek, Inc., Newton, MA, USA), peristaltic pump (Masterflex L/S, Cole-Parmer, Vernon Hills, IL, USA), magnetic stirrer, feed tank, and waste tank. Considering that the thickness of the formed biofilm in this study was much thinner than that in dynamic conditions [44,45], only three relatively low shear rates were adopted in this study to better investigate the effects of LAE concentrations on biofilm detachment. The flow rates were set at 1, 2, and 4 mL/min. The shear rate of the flow cell was calculated from the volumetric flow rate and the size of the rectangular flow channel using the following equation [46,47]:


  σ   =     3 Q   2      h 0  / 2    2   w 0     



(1)




where  σ  is the wall shear rate,  Q . is the volumetric flow rate, and    h 0    and    w 0    are the height and width of the flow channel, respectively.




2.3. Image Capture and Data Processing


The impact of LAE treatment on biofilm detachment from glass slides was continuously observed using time-lapse microscopy. The JuLITM microscope was focused centrally on the surface of the flow cell channel for all time-lapse tests. The interval of image capture was set to 2 min, and the total duration for observing biofilm detachment was 2 h. Time-lapse images and movies were captured using JuLITM image view software (version 1.01). The captured images and movies were stored on a JuLITM SD card and transferred to a personal computer for data processing. The normalized biofilm area (A/A0; A, biofilm area according to time-lapse; A0, initial biofilm area) on the surface was calculated based on the pixels of the threshold images using the ImageJ program (National Institutes of Health, Bethesda, MD, USA). The mean and standard deviation of the biofilm areas were calculated using at least three independent tests.




2.4. Motility Test


The PA14 solution after 12 h of cultivation was diluted with fresh AB medium (OD at 595 nm = 0.1). The diluted bacterial suspension (5 μL) was then dropped onto the surface of a BM2 swarm agar plate (62 mM potassium, phosphate buffer [pH 7], 2 mM MgSO4, 10 μM FeSO4, 0.4% [wt/vol] glucose, 0.5% [wt/vol] casamino acids, and 0.5% [wt/vol] Bacto agar) [48], which included LAE at different concentrations (0, 0.42, 4.2, and 42 mg/L). After incubation for 32 h at room temperature, PA14 motility on the agar plate surface was determined by measuring the colony radius of the swarming zones. The swarming motility experiments were repeated three times for each sample.




2.5. Confocal Laser Scanning Microscopy (CLSM)


The cultivated PA14 solution (OD at 595 nm = 0.1) was diluted with fresh AB medium (1:20). Then, the glass slides were immersed in the AB medium and incubated for 24 h at 37 °C without agitation in order to form biofilms on the surface. The formed biofilms were treated with LAE solutions (0, 0.42, 4.2, and 42 mg/L) for 60 min. The remaining biofilms were stained using a LIVE/DEAD BacLight bacterial viability kit (Invitrogen, Carlsbad, CA, USA). After washing the unbound dye, live (green) and dead (red) cells were observed using confocal laser scanning microscopy (CLSM) (LSM700, Carl Zeiss, Jena, Germany). CLSM images were obtained with green and red fluorescent lights using a 20× objective lens (Plan-Apochromat 20×/0.8) and Z-stack mode in the Zen 2011 software (Carl Zeiss).





3. Results and Discussion


3.1. Effects of Shear Rate on Biofilm Detachment


Before investigating the impacts of the LAE treatment, the shear rate inside the flow cell channel was varied by altering the flow velocity, and the resulting effects on biofilm detachment were explored. The detachment efficiency can be determined by the ratio of the biofilm area before and after LAE or PBS treatment, that is, the normalized biofilm area. Figure 2 shows the reduction trends of the biofilm area formed on the glass slide surface under different shear rates without the LAE treatment. Generally, it is shown that the normalized biofilm area rapidly decreased with the increase in shear rate (Figure 2a). When PBS flowed for over 60 min, the normalized biofilm area decreased from approximately 13.2% to 32.8% at shear rates ranging from 0.85 s−1 to 3.42 s−1 (Figure 2b). Although the formed biofilm was not directly exposed to the biocide of LAE, the physical shear stress caused by the flow velocity could still trigger biofilm dispersion to some degree. A biofilm on the membrane surface is a dynamic balance between the adhesive rate of planktonic cells, the growth rate of attached microorganisms, and the detachment rate of the biofilm [49]. Previous studies proposed that shear rate plays multiple roles in biofilm formation [50] and its structure, as well as affects membrane performance [51,52]. For instance, a high shear rate can facilitate the transfer of mass (e.g., nutrients) to the biofilm, resulting in faster biofilm development. The biofilm formed under high shear rate conditions generally possessed a flatter and more compact structure, whereas a looser and fluffy biofilm formed at a low shear rate [49,51].



In contrast, a high shear rate can easily reduce the cell attachment rate. In this study, biofilms and their structures were identically formed on the glass slide surface and then subjected to varied shear stress. Therefore, shear rate was confirmed as the only influencing factor causing sessile bacterial reduction in biofilms. A higher shear rate (3.42 s−1) could induce a greater lifting force and weaken the binding force between sessile bacteria and the surface, resulting in a high biofilm detachment rate during identical treatment times. Based on these results, the shear rate in the following tests was set to 3.42 s−1 to reduce the dose of biocide.




3.2. Effects of LAE Concentration and Dosing Time on Biofilm Detachment


A previous study [36] revealed that the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of LAE were both approximately less than 32 mg/L. To explore the influence of LAE concentrations on biofilm detachment, concentrations of LAE of three orders of magnitude (0.42, 4.2, and 42 mg/L) were selected and then continuously injected into the flow cell. The trends of biofilm area change were interval determined, and the results are shown in Figure 3. Generally, the biofilm treated with 0.42 mg/L and 4.2 mg/L of LAE possessed similar decreasing trends with the increase in LAE dosing time ranging from 10 to 60 min. For example, for the same treatment time of LAE (e.g., 60 min), the normalized biofilm areas were eventually reduced to 0.30 and 0.17 after dosing with 0.42 mg/L and 4.2 mg/L of LAE, respectively. However, compared with the biofilm that was only exposed to the PBS buffer, it was noted that the biofilm area increased as the LAE treatment time was prolonged when its concentration equaled 42 mg/L. Figure 3d also shows the normalized biofilm area declined with respect to the LAE concentration. The reduction of biofilms treated with 4.2 mg/L of LAE for 60 min was statistically significant (p < 0.005) compared with the control group. Additionally, Figure 3d also reveals that there is no direct correlation between the decline in biofilm and the increase in LAE concentration.



It seems that the biocidal and sub-growth inhibitory concentrations against PA14 have different effects and mechanisms of action on biofilm detachment. In these results, a low LAE concentration was able to induce detachment of sessile bacteria in the biofilm, which was more effective than treatment with high LAE concentrations greater than the MBC value (32 mg/L). The detachment of sessile bacteria by LAE treatment was associated with bacterial movement, such as twitching motility, owing to the chemical properties of LAE. A previous study [53] demonstrated that LAE against PA14 increased the twitching motility of bacteria on the surface by iron chelating activity. The rapid decrease of formed biofilms during the 60 min treatment of 0.42 mg/L and 4.2 mg/L of LAE suggests that the sub-growth concentration of LAE may enhance the cell mobility (Figure 4). In contrast, Figure 4 shows that biofilms treated with 42 mg/L of LAE had no obvious changes on the glass slide surface for 120 min. We rationally speculated that LAE treatment over biocidal concentrations (MBC > 32 mg/L of LAE with PA14) would induce the direct death of sessile bacteria in biofilms and loss of mobility, thus leaving its debris on the surface. The CLSM images directly support the above explanation, wherein the biofilm consisted almost entirely of dead cells (red color in Figure 5d) when the biofilm was treated with 42 mg/L of LAE. Additionally, the formed biofilm without treatment of LAE exhibited a dense, compact, and flat morphology. In contrast, the biofilms were fragmentary and sporadic once treated with LAE, regardless of concentrations. The thickness of the biofilm also decreased from 16.0 ± 1.3 μm of control to 11.9 ± 1.1, 8.1 ± 1.2, 12.8 ± 0.4 μm as it was treated with 0.42, 4.2 and 42 mg/L of LAE, respectively.




3.3. Effects of LAE on the Motility of Pseudomonas aeruginosa


To further investigate the impact of LAE concentration on the motility of PA14, LAE-containing plate agar was used to determine the radius of swarming motility, as shown in Figure 6. Swarming motility is well known as the rapid multicellular movement of bacteria on the surface and is generated by rotating helical flagella [39]. Swarming motility was visibly correlated with LAE treatment concentration. As shown in Figure 6a, the radii of swarming motility were 1.07 ± 0.38, 1.87 ± 0.47, 2.20 ± 0.26, and 2.80 ± 0.30 cm, as the BM2 swarm agar contained 0, 0.42, 4.2, and 42 mg/L of LAE concentrations, respectively. Therefore, LAE, including BM2 swarm agar, induced an increase in swarming motility with increasing concentration. An increase in swarming motility has an antagonistic effect on biofilm formation on the surface [39,54]. Additionally, our previous study [53] demonstrated that the LAE at sub-growth inhibitory concentration can chelate irons because the LAE molecules contain two types of donor groups (i.e., carbonyl group and guanidine group) that can potentially form ferric and ferrous iron chelae complexes. Another study [55] also revealed that iron-limiting conditions can increase the twitching motility of P. aeruginosa in the presence of the iron-chelating molecules of deferoxamine. LAE treatment caused biofilm detachment on the surface due to the generation of continuous bacterial movement. LAE was assumed to act as a surfactant secretion (e.g., rhamnolipid) to reduce the surface tension, and thus enhancing the movement of multicellular bacteria and detachment of biofilms [36,56].



In fact, 42 mg/L of LAE against PA14 was biocidal in a nutrient broth medium, such as tryptic soy broth. Nevertheless, 42 mg/L of LAE in the solid phase, such as BM2 swarm agar, increased the swarming motility of PA14. This result may be attributed to the increased resistance levels against the LAE of swarming cells on the agar surface under more aerobic conditions compared with planktonic cells. Moreover, the diffusion resistance of biocides in the solid agar medium are higher than that in the broth medium [57,58]. Hence, 42 mg/L LAE in swarm agar may not influence the growth of PA14. Lai et al. [59] observed that swarm cells of five different species (P. aeruginosa, E. coli, S. marcescens, B. subtilis, and B. thailandensis) can grow at concentrations higher than their planktonic counterparts. For example, the resistance of B. subtilis swarm cells to tobramycin was 85 times higher than that of planktonic cells. Nevertheless, although a larger radius of swarming motility under a higher concentration of LAE would be formed, the bacterial cells and their formed biofilm can be directly exposed to the LAE solution, and thus are more susceptible to damage at the same concentration.




3.4. Implications and Prospects


Biofilm detachment from the membrane surface is critical for mitigating and realizing sustainable operation. Real-time and in vitro observations of biofilms are urgently needed to explore the operational conditions for biofilm detachment or removal. Although some devices (e.g., optical coherence tomography [60]) can continuously observe and analyze the dynamic variation of biofouling, their cost is relatively high. Compact and ingenious transmission flow cells combined with microscopy are easier to access and control. A modified flow cell can also mimic the operating conditions (e.g., chemical concentration, treatment time, and hydrodynamic parameters) applied in real processes [43,61].



Although the biofilm can be partially removed by physically elevating the crossflow velocity, the bacterial cells protected by extracellular polymeric substances (EPS) are difficult to address [10,62]. Generally, the biofilm formation on the substrate includes two stages: bacterial adhesion and bacterial colonization on the substrate [63,64]. Bacterial adhesion on the substrate can be mediated by the short-range interactions, such as hydrophobic interactions, hydrogen bonding, electrostatic interactions, as well as van der Waals interactions. At the same time, the extracellular polymeric substances (EPS) are secreted by bacterial cells themselves, which act as a “bio-glue” that can encase the cells from external distractions and enhance the bonding force to the substrate, since it has many functional groups [63,65].



In this study, we speculated that the LAE act as a cationic surfactant, and biocide may play two important roles in the biofilm dispersal, including altering the binding forces between the biofilm and substrate, as well as the bacterial swimming mobility. An appropriate dose of chemicals can enhance the treatment effectiveness because the microorganism can respond differently to the biocide. The bactericidal concentration of LAE can directly damage bacteria, which overshadows its role in enhancing cell movement. Instead, the sub-growth inhibitory concentrations of LAE can effectively increase bacterial motility and the biofilm detachment rate. Based on this consideration, the dose of biocides should be carefully optimized during different stages of real membrane operations. For instance, a high concentration of biocide is preferred to kill microorganisms in the feed solution at the initial stage. However, once the biofilm develops after long-term operation, it should be treated with an appropriate concentration of biocide to increase cell motility and trigger biofilm dispersion rather than kill the microorganisms. Additionally, the biocide adsorption on the biofilm surface, diffusion-reaction inhibition, and concentration polarization phenomena can affect the temporal and spatial distribution of biocides in the biofilm matrix, thus influencing the treatment efficacy. Therefore, future studies should consider and perform a more comprehensive evaluation based on the realistic properties of the feed solution (e.g., nutrient concentration and type), membrane surface (e.g., hydrophobicity and surface charge), and hydrodynamic conditions (e.g., shear rates) for a wide range of real applications.





4. Conclusions


In this study, LAE was selected as a model non-oxidizing biocide with high antibacterial effectiveness to explore the effects of shear rate, chemical concentration, and treatment time on biofilm detachment. The biofilm detachment was enhanced with the increase in shear rate owing to the higher shear force, which easily lifted the biofilm from the surface. LAE concentration played two opposite roles in biofilm detachment. Under a high concentration of LAE (i.e., higher than the MIC or MBC), the sessile bacteria in the biofilm were susceptible to damage, and their debris remained on the surface; thus, only a part of the biofilm could eventually be detached. In contrast, LAE treatment at sub-growth inhibitory concentrations increased bacterial movement due to the increase in swarming motility on the surface, resulting in enhanced biofilm disintegration. We also propose that future studies should pay more attention to real conditions in order to achieve a more comprehensive evaluation.
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Figure 1. Schematic diagram of the flow cell system for in vitro and real-time observation of biofilm detachment. 
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Figure 2. Normalized biofilm area formed on glass slide surface under different shear rates. (a) Variations of normalized biofilm area depending on different shear rates without LAE treatment and with PBS buffer for 120 min. (b) Reduction of biofilm under varied shear rates after a 60 min flow of PBS buffer. Error bars indicate the standard deviations of three independent measurements. * p < 0.05 versus control, ** p < 0.005 versus control. 






Figure 2. Normalized biofilm area formed on glass slide surface under different shear rates. (a) Variations of normalized biofilm area depending on different shear rates without LAE treatment and with PBS buffer for 120 min. (b) Reduction of biofilm under varied shear rates after a 60 min flow of PBS buffer. Error bars indicate the standard deviations of three independent measurements. * p < 0.05 versus control, ** p < 0.005 versus control.



[image: Water 14 02158 g002]







[image: Water 14 02158 g003 550] 





Figure 3. Detachment of biofilm formed on the glass slide surface under different LAE concentration and dosing time. (a–c) are the effects of LAE dosing time (0, 10, 20, 30, and 60 min) on the biofilm area reduction under different LAE concentrations of 0.42 mg/L, 4.2 mg/L, and 42 mg/L, respectively. (d) Changes of normalized biofilm area treated with different LAE concentrations for 60 min. Other experimental conditions: the biofilm was continuously flowed with PBS buffer after treating with LAE until the total treatment time reached 120 min. All shear rates were set to 3.42 s−1. Error bars indicate the standard deviations of three independent measurements. * p < 0.05 versus control, ** p < 0.005 versus control. 
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Figure 4. Microscopy images of biofilm formed on the glass slide surface treated with different LAE concentrations and time. Other experimental conditions: all the LAE treatment times were identical (60 min) and followed by PBS dosing (60 min). The shear rates in all tests were equal to 3.42 s−1. 
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Figure 5. Presented are 3D CLSM images of the biofilm treated with varied concentrations of LAE. (a) The biofilm formed on the glass slide without LAE treatment. (b–d) The formed biofilms were treated with 0.42, 4.2, and 42 mg/L of LAE for 60 min, respectively. The green and red colors refer to the live and dead PA14 cells, respectively. 
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Figure 6. The radius of the swarming motility of P. aeruginosa with LAE treatment. (a) The radius of swarming motility as a function of different concentrations of LAE included in the BM2 swarm agar. (b) Colony patterns formed by swarming motility with the treatment of different concentrations of LAE. Error bars indicate standard deviations of three independent measurements. ** p < 0.005 versus control. 
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