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Abstract

:

The minimum inhibitory concentration (MIC) is used to define the lowest concentration at which a substance can inhibit bacterial growth. This study aimed to evaluate the MIC of pyrogallol against Staphylococcus aureus and to propose a method for building growth inhibition curves of bacterial strains from MIC assays. S. aureus strains 1199B (NorA) and 1199 (wild type) were used for the assays. Pyrogallol MIC tests were performed by the broth microdilution method. The proposed method uses RGB images of the microdilution plate using the R (Red), G (Green), and B (Blue) channels to extract information for the construction of the bacterial growth inhibition curve (GIC). Pyrogallol demonstrated a MIC of 512 µg/mL against the two S. aureus strains tested. The GIC was calculated and the MIC point of pyrogallol was identified against the tested strains. The proposed method suggested the same MIC point for pyrogallol when using microplate images before and after the addition of resazurin. Through this methodology, the subjectivity of visual analysis in MIC tests can be eliminated.
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1. Introduction


Minimum inhibitory concentration (MIC) assays are widely used to assess the lowest concentration of a substance capable of inhibiting the growth of bacterial strains [1,2,3,4]. Normally, antibacterial activity tests by MIC are determined by microdilution assays, in which serial dilutions of a substance are performed in varying concentrations [5,6]. This procedure allows the evaluation of the strain’s growth inhibition as a function of the different concentrations of the tested substance, that is, it evaluates the growth inhibition curve (GIC) of a strain. The evaluation of this curve allows, for example, the comparison of the growth inhibition of different strains by a given substance.



However, despite the importance of MIC assays, those that are evaluated by visual readings are not able to describe bacterial growth inhibition curves, given the human visual system is very subjective. In addition, traditional MIC analysis methods do not allow a quantitative assessment, consisting of a range of concentrations depending on the dilutions series used in the experiment [7].



However, MIC assays are widely used to assess the antibacterial potential of bioactive compounds against pathogenic microorganisms, such as the bacterium Staphylococcus aureus, which is associated with various infections in humans, such as endocarditis, joint infections, epidermal and soft tissue infections, pleuropulmonary infections and infections related to prosthetic devices [8].



In addition, infections caused by S. aureus are among the main causes of mortality in the hospital and outpatient settings [9] and their pathogenic potential has been further exacerbated by the development and frequent acquisition of mechanisms, which provide resistance to most commercially available antibiotics [10,11].



Given the above, there is a growing search for plant-derived natural compounds that have antibacterial activity [12], with the aim of using these compounds to reduce the rapid spread of resistant bacteria such as S. aureus, given the great diversity of plant-derived secondary compounds, known for being able to inhibit bacterial growth [13].



Among these substances are polyphenols, secondary metabolites present in leaves, fruits, seeds, and flowers from plant species. Pyrogallol is a polyphenol found in a variety of fruits and vegetables, including avocados and apricots [14]. Some studies in the literature report an antibacterial activity of pyrogallol against Gram-negative and Gram-positive bacteria [15,16,17,18].



In this sense, the objective of the present study was to evaluate the minimum inhibitory concentration (MIC) of pyrogallol on Staphylococcus aureus, as well as to propose a method for building growth inhibition curves of bacterial strains from MIC assays. In addition, through the RGB image of the microdilution plate, the R (Red), G (Green), and B (Blue) channels were investigated to propose a convex linear combination of the channels that allows for the extraction of the information necessary to generate the GIC.




2. Results


2.1. Minimum Inhibitory Concentration (MIC)


As verified in the tests from the present study, visual microplate reading following the addition of resazurin (0.4 mg/mL) showed a MIC of 512 µg/mL for pyrogallol against the two S. aureus strains tested, showing antibacterial activity against the 1199 and 1199B strains. Figure 1 presents the RGB images used to evaluate the performance of the methodology proposed to investigate the inhibition of bacterial growth induced by substances in MIC tests. Figure 1a,b refers to the MIC experiment with pyrogallol against the 1199 strain before and after the addition of resazurin, respectively. Figure 1c,d shows the results against the 1199B strain, before and after the addition of resazurin.




2.2. RGB Images


The choice of using RGB images before and after the addition of resazurin (0.4 mg/mL) was to investigate whether resazurin eventually interferes with the results from the proposed methodology. After obtaining the RGB images, the images referring to channels R, G and B were separated, and the convex linear combination, expressed in Equation (1), was used to generate the final images that are the input to the methodology.



Figure 2 presents the images referring to channels R, G, and B and the final images before the addition of resazurin in the experiment with the 1199 strain. From the final images, highlighted by red frames in Figure 2, the gray level intensity information from each well of the plate was extracted. For convenience, we chose the center of each well and extracted the intensities from these pixels.



As a result of the information extraction process from each well in Figure 3, gray level intensity matrices were obtained, which are represented in Table 1 and Table 2.



From these results, the average intensities were calculated for each concentration. This procedure allowed us to create a curve that describes the growth inhibition of the Staphylococcus aureus 1199 strain promoted by pyrogallol. The average of the intensities was also calculated for the control, in which case this information represents the maximum growth of the 1199 strain after 24 h without the interference of pyrogallol. Figure 4 shows the growth inhibition curve and the maximum growth of the 1199 strain.



Figure 3a,b shows the behavior, before and after the addition of resazurin, of the growth inhibition curves of the 1199 strain. The inhibition promoted by pyrogallol was more expressive in the 512 µg/mL concentration in both cases, that was considered as the MIC point of pyrogallol against the 1199 strain. This response can be visually verified in Figure 1a,b.



An important aspect that should be emphasized about the proposed methodology for the construction of the GIC is its sensitivity to small variations between wells of the same concentration (replicates), eventually caused when preparing solutions, such as pipetting, etc. Thus, this methodology can also help in estimating the uncertainty of the experiment. The addition of resazurin, that is, the addition of another source of uncertainty, possibly caused the differences between the curves in Figure 3. For this reason, we chose to use only experiments before the addition of resazurin.



Table 3 shows the gray level intensities, before the addition of resazurin, in the experiment with the 1199B strain. The procedure for constructing the growth inhibition and maximum growth curves was the same as previously described. The previously made comments also can be applied here.



The pyrogallol inhibition curve against the 1199B strain is shown in Figure 4. The concentration that obtained the greatest growth inhibition of the strain was 512 µg/mL, suggesting this as the MIC point. This response can be visually verified in Figure 1c,d.



Equations (2) and (3) were used to estimate the rates of inhibition and non-inhibition promoted by pyrogallol against the 1199 and 1199B strains. The respective rates are shown in Figure 5a,b.



An analysis comparing the average growth using gray levels of the 1199 and 1199B strains was performed. The purpose of this analysis was to investigate the growth of the strains without the interference of pyrogallol. Figure 6 shows the average growth in gray levels of the strains with their respective standard deviations. A student’s t test was performed with a significance level of 0.05 and no significant difference (p < 0.05) was detected between the average growths of the 1199 and 1199B strains, without the interference of pyrogallol.





3. Discussion


The proposed methodology, used information extracted from RGB images, from microplates used in MIC assays. This methodology allows the subjectivity of the human eye analysis to be eliminated, thus ensuring greater accuracy, in addition to reducing experimental costs.



The broth microdilution method using serial concentrations is an important tool to define the MIC of bioactive compounds, since through this technique the lowest concentration of a substance that has antibacterial activity can be observed [19]. This technique was also used in the literature by Florence et al. [17] to evaluate the antibacterial effect of pyrogallol against Escherichia coli and S. aureus strains, revealing inhibition values of 256 mg/mL and 512 mg/mL, respectively. The antibacterial activity of pyrogallol by broth microdilution assays was also observed against Vibrio parahaemolyticus, with MIC values ranging from 32 to 64 μg/mL [18]. These results corroborate the present study, revealing similar MIC values for S. aureus, in addition to demonstrating the efficacy of pyrogallol’s antibacterial activity against Gram-positive and Gram-negative bacterial strains.



The broth microdilution method is also commonly used to monitor the development and susceptibility assessment, as well as resistance of bacterial strains to antibiotics, through the assessment of the MIC [20]. In addition to being determined through manual visualization readings, the methods used in these tests involve semi-quantitative procedures. Therefore, they only provide ap-proximate results, which makes the inhibition ranges of these methods uncertain [21].



The use of resazurin as a growth indicator in microdilution assays to determine MIC is effective and is able to provide reproducible results for MICs [22]. However, studies have shown that higher concentrations of resazurin (0.4 mg/mL) can lead to false negative results, given the inability of bacteria to metabolize resazurin at such concentrations [23]. In the present study, we found that the manual addition of resazurin may contribute to an increase in the imprecision of the results, because the greater the number of components to be added to the final solution present in the plate well, the greater the possibility of human error.



In this way, the replacement of visual readings following the addition of resazurin, with instrumentation methods for the standardization of MIC point readings can produce MIC results with greater sensitivity [24]. With our proposed GIC construction, small variations between wells of the microdilution plate could be more easily perceived. As a result, possible false positives can be identified faster and the MIC determination made more accurate.




4. Materials and Methods


4.1. Bacterial Strains


The Staphylococcus aureus strains used were: 1199B, which expresses the NorA efflux protein that expels antibiotics such as fluoroquinolones and other drugs, such as DNA interleaving dyes, and the 1199 strain, the wild-type of the aforementioned strain. The strains were provided by Prof. S. Gibbons (University of London) and before the experiments, were grown for 24 h at 37 °C in a solid Brain Heart Infusion-Agar medium (BHI-Agar, Acumedia Manufacturers Inc., Lansing, MI, USA).




4.2. Culture Media


The following culture media were used to perform microbiological tests: Brain Heart Infusion-Agar prepared according to the manufacturer and Brain Heart Infusion (BHI, Acumedia Manufacturers Inc.) prepared at a concentration of 10%.




4.3. Substance


The pyrogallol substance was acquired from Sigma-Aldrich (São Paulo, Brazil), diluted in dimethyl sulfoxide (DMSO) and then in sterile water to a standard concentration of 1024 µg/mL, according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI) [5]. The proportion of DMSO used was less than 5%, which is considered non-toxic for bacterial strains [25].




4.4. Minimum Inhibitory Concentration Assays


The minimum inhibitory concentration tests were performed using the broth microdilution method [26]. The strains used in the tests were sown 24 h before the experiments. After this period, the bacterial inoculum was suspended in saline, corresponding to 0.5 of the McFarland scale, approximately 1.5 × 108 (CFU)/mL. The eppendorfs® were then filled with 900 µL of BHI and 100 µL of the inoculum, and the plates were filled with 100 µL of the final solution. Microdilution was performed with 100 µL in serial dilutions up to the penultimate well of the plate (1:1), the latter being used as a growth control. The concentrations of the compounds ranged from 512 µg/mL to 0.5 µg/mL. After 24 h of incubation, 20 µL of resazurin (0.4 mg/mL), (7-hydroxy-10-oxidophenoxazin-10-ium-3-one) were added and after 1 h of reaction, the readings were performed. Resazurin was oxidized in the presence of the acid medium caused by bacterial growth, promoting the color a change from blue to pink [5]. Resazurin is a molecule that serves as a redox indicator. It has a midnight blue color and low intrinsic fluorescence. After entering the cell, in response to the metabolic activity of living cells, resazurin is reduced to resorufin, which has a pink color and is fluorescent. The MIC was defined as the lowest concentration in which no growth can be observed. The tests were performed in triplicate.




4.5. The Proposed Method


The proposed method for constructing bacterial growth inhibition curves from MIC assays is illustrated in Figure 7.



According to the flowchart, the first step is to acquire an RGB image of the microplate containing the solutions for the MIC experiment. This procedure can be performed, for example, using a cell phone. In this study, we used the mobile device Samsung Chat 322 Duos (GT-C3222) with a 1.3 Mp camera.



After the acquisition of the RGB image, we separated the channels R, G and B using the R software. It is worth mentioning that the reading of the image made by the software is done in such a way that each pixel will be represented by a number (gray intensity). Then, using the three channels, we generated an image in gray levels from the following convex linear combination:


Igl = ar Ir + ag Ig + ab Ib



(1)




with    I  g l     being the image, in gray levels, resulting from the convex linear combination, Ir the image from the red channel, Ig the image from the green channel and Ib the image from the blue channel. For Equation (1) to be a legitimate convex linear combination, it is necessary that each coefficient belongs to the interval [0,1] and their sum is equal to 1. In this study, equal values for the coefficients from Equation (1) were adopted,    a r  =  a g  =  a b  =  1 3   , this ensures that each channel contributes equally. Moreover, while the choice of values for the coefficients can be studied, our proposal does not include this analysis.



For each well of the microplate in the Igl image, the gray level intensity value located in the center of each well was empirically extracted. This procedure generates a matrix of gray level intensities with 6 columns and 8 lines, denominated here as Mgl. The columns of this matrix refer to the replicates and the lines to the investigated concentrations, with the exception of the last line, which is the growth control of the strain.



The construction of the GIC is then done with the information from the Mgl matrix. For each line of the matrix, the arithmetic mean was calculated, in such a way that each investigated concentration has an average gray level intensity as a response and so this paired information was plotted on a graph. The average corresponding to the last line of the Mgl, is added to the same graph and is used as the average growth of the strain after 24 h, without interference from substances.



Using the information contained in the aforementioned graph, we estimated the rates of inhibition and non-inhibition corresponding to each of the first 07 lines of the Mgl matrix, using Equations (2) and (3):


   I c  =  (     I  m e a n   −  I  o b s      I  m e a n      )  .100  



(2)






     I c   _  = 100 −  I c   



(3)




with    I c    and      I c   _    being the rates of inhibition and non-inhibition of bacterial growth, respectively, at concentration c, Imean the average growth of the strain after 24 h in gray levels and Iobs the mean of the intensities corresponding to concentration c. The rate of growth inhibition is used here to guide us in identifying the MIC point.





5. Conclusions


The results from the present study revealed that pyrogallol has antibacterial activity against S. aureus 1199 and 1199B strains. This study also proposed a new method for evaluating bacterial growth in minimum inhibitory concentration (MIC) assays. The method combines the R, G and B channels from the RGB image of the microplate used in the MIC experiment and generates a resulting image that allows the construction of the bacterial growth inhibition curve. From this curve, the MIC point of pyrogallol against the 1199 and 1199B strains was identified. As expected, the proposed method suggested the same MIC point for pyrogallol when this was applied to the microplate images before and after the addition of resazurin. Another important aspect of the proposed method was its equivalence with the result from the visual analysis. In this way, the subjectivity of the analysis of the human eye in MIC assays can be eliminated. It is worth mentioning that the proposed method allowed the evaluation of the MIC of pyrogallol against S. aureus without the need to use resazurin. In other words, our proposal guarantees greater precision and reduced experimental costs. In addition, the proposed methodology allows the estimation of the rate of inhibition of bacterial growth, thus guaranteeing satisfactory and promising results to the methodology. Therefore, this study can assist the scientific community that develops MIC experiments, suggesting the MIC point and quantifying bacterial inhibition.
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Figure 1. RGB images before and after the addition of resazurin (0.4 mg/mL). (a) The 1199 strain before the addition of resazurin (0.4 mg/mL); (b) 1199 strain after the addition of resazurin (0.4 mg/mL); (c) 1199B strain before the addition of resazurin (0.4 mg/mL) and (d) 1199B strain after the addition of resazurin (0.4 mg/mL). 
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Figure 2. Images from the plate with the 1199 strain, before the addition of resazurin (0.4 mg/mL); (a) red, (b) green, (c) blue and (d) image resulting from the convex linear combination. Images from the plate with the 1199 strain, after the addition of resazurin (0.4 mg/mL); the (e) red, (f) green, (g) blue channels and (h) image resulting from the convex linear combination. 
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Figure 3. (a)—Graph representing the growth inhibition curve (GIC) and the maximum growth of the 1199 strain before the addition of resazurin. (b)—Graph representing the growth inhibition curve (GIC) and the maximum growth of the 1199 strain after the addition of resazurin. 






Figure 3. (a)—Graph representing the growth inhibition curve (GIC) and the maximum growth of the 1199 strain before the addition of resazurin. (b)—Graph representing the growth inhibition curve (GIC) and the maximum growth of the 1199 strain after the addition of resazurin.



[image: Biologics 02 00011 g003]







[image: Biologics 02 00011 g004 550] 





Figure 4. Graph representing the growth inhibition curve (GIC) and the maximum growth of the 1199B strain before the addition of resazurin. 
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Figure 5. Estimated inhibition rate for strains (a) 1199 and (b) 1199B. 
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Figure 6. Average growth and standard deviation after 24 h of 1199 and 1199B strains without the interference of pyrogallol. 
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Figure 7. Flowchart of the proposed methodology. 
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Table 1. The 1199 strain—Gray levels intensity before the addition of resazurin.
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Concentration (µg/mL)

	
Gray Levels Intensity

	
Intensity Mean

	
Standard Deviation






	
512

	
0.3072

	
0.2915

	
0.2758

	
0.2797

	
0.2745

	
0.2876

	
0.2861

	
0.0123




	
256

	
0.5556

	
0.4627

	
0.4392

	
0.4275

	
0.4471

	
0.5190

	
0.4752

	
0.0508




	
128

	
0.5320

	
0.4771

	
0.4797

	
0.4601

	
0.4745

	
0.4536

	
0.4795

	
0.0277




	
64

	
0.5229

	
0.4876

	
0.4562

	
0.4693

	
0.4745

	
0.5216

	
0.4887

	
0.0279




	
32

	
0.5451

	
0.4850

	
0.4706

	
0.4732

	
0.4654

	
0.4405

	
0.4800

	
0.0351




	
16

	
0.5320

	
0.4771

	
0.4549

	
0.4837

	
0.4706

	
0.4458

	
0.4773

	
0.0303




	
8

	
0.5137

	
0.4810

	
0.4654

	
0.4523

	
0.4562

	
0.4654

	
0.4723

	
0.0226




	
Control

	
0.5320

	
0.5046

	
0.5046

	
0.4863

	
0.4928

	
0.5098

	
0.5050

	
0.0158
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Table 2. The 1199 strain—Gray levels intensity after the addition of resazurin.






Table 2. The 1199 strain—Gray levels intensity after the addition of resazurin.





	
Concentration (µg/mL)

	
Gray Levels Intensity

	

	

	

	
Intensity Mean

	
Standard Deviation






	
512

	
0.1346

	
0.1203

	
0.1190

	
0.1281

	
0.1190

	
0.1320

	
0.1255

	
0.0070




	
256

	
0.3556

	
0.2627

	
0.2327

	
0.2118

	
0.2719

	
0.2745

	
0.2682

	
0.0493




	
128

	
0.3830

	
0.2706

	
0.2444

	
0.2876

	
0.3085

	
0.2654

	
0.2932

	
0.0490




	
64

	
0.3660

	
0.2928

	
0.2458

	
0.3216

	
0.3255

	
0.2719

	
0.3039

	
0.0428




	
32

	
0.3268

	
0.2902

	
0.2784

	
0.2993

	
0.3621

	
0.3229

	
0.3133

	
0.0303




	
16

	
0.3725

	
0.2588

	
0.2588

	
0.2797

	
0.2601

	
0.2601

	
0.3100

	
0.0452




	
8

	
0.4392

	
0.2993

	
0.2784

	
0.3320

	
0.2902

	
0.2732

	
0.3187

	
0.0626




	
Control

	
0.3987

	
0.3922

	
0.3804

	
0.3634

	
0.4078

	
0.3320

	
0.3791

	
0.0277
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Table 3. The 1199B strain—Gray levels intensity before the addition of resazurin.






Table 3. The 1199B strain—Gray levels intensity before the addition of resazurin.





	
Concentration (µg/mL)

	
Gray Levels Intensity

	

	

	

	
Intensity Mean

	
Standard Deviation






	
512

	
0.2954

	
0.2993

	
0.2784

	
0.2784

	
0.2758

	
0.2837

	
0.2852

	
0.0099




	
256

	
0.5150

	
0.4588

	
0.4562

	
0.4444

	
0.4301

	
0.4523

	
0.4595

	
0.0291




	
128

	
0.5150

	
0.4797

	
0.4680

	
0.4601

	
0.4549

	
0.4601

	
0.4730

	
0.0223




	
64

	
0.5242

	
0.4889

	
0.4601

	
0.4641

	
0.4680

	
0.4562

	
0.4769

	
0.0258




	
32

	
0.5150

	
0.4850

	
0.4680

	
0.4627

	
0.4562

	
0.4157

	
0.4671

	
0.0329




	
16

	
0.5242

	
0.4876

	
0.4654

	
0.4536

	
0.4693

	
0.4392

	
0.4732

	
0.0297




	
8

	
0.5229

	
0.4915

	
0.4536

	
0.4497

	
0.4484

	
0.4497

	
0.4693

	
0.0310




	
Control

	
0.5569

	
0.5163

	
0.5072

	
0.4771

	
0.5320

	
0.5046

	
0.5157

	
0.0270
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