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Abstract

:

The common practice of counting bacteria using epifluorescence microscopy involves selecting 5–30 random fields of view on a glass slide to calculate the arithmetic mean which is then used to estimate the total bacterial abundance. However, not much is known about the accuracy of the arithmetic mean when it is calculated by selecting random fields of view and its effect on the overall abundance. The aim of this study is to evaluate the accuracy and reliability of the arithmetic mean by estimating total bacterial abundance and to calculate its variance using a bootstrapping technique. Three fixed suspensions obtained from a three-week-old marine biofilm were stained and dispersed on glass slides. Bacterial cells were counted from a total of 13,924 fields of view on each slide. Total bacterial count data obtained were used for calculating the arithmetic mean and associated variance and bias for sample field sizes of 5, 10, 15, 20, 25, 30, 35 and 40. The study revealed a non-uniform distribution of bacterial cells on the glass slide. A minimum of 20 random fields of view or a minimum of 350 bacterial cells need to be counted to obtain a reliable value of the arithmetic mean to estimate the total bacterial abundance for a marine biofilm sample dispersed on a glass slide.
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1. Introduction


The technique of staining DNA using 4′6-diamidino-2-phenylindole (DAPI) and counting cells directly on a glass slide using an epifluorescence microscope has become the standard method of enumeration of bacteria [1,2,3,4,5,6,7]. This technique has been used for counting bacteria in different environmental samples including soils, brackish waters, pond and lake waters, seawater, marine intertidal sediments, natural biofilms and even oyster tissue homogenates (Table A1). Previous studies on marine biofilms developing on surfaces submerged in the sea reported the use of scalpels to remove the biofilm from the substratum prior to enumeration on membrane filters [8,9,10,11,12]. Few studies reported the use of microscope slides to develop a biofilm and consequently enumerate bacteria in their native, hydrated conditions [6,13,14]. The originally developed method [15] involved the counting of the number of bacterial cells on the glass slide or using a filter within several squares of an ocular graticule or the use of a Whipping grid at 1000× magnification [4]. Once done then, the mean number of bacteria per counted area was calculated and finally the number of bacteria in the total sample was estimated. Although ocular grids are frequently used to delimit an area within the field of view in which the bacterial cells are counted, alternatively, all cells within the whole field of view can also be counted.



Since the basis assumption of most statistical tests is founded on randomly and independently selected samples [16], the approach of randomly selecting fields of view or squares of an ocular graticule to count bacteria is usually practiced [2]. It has been shown that this approach yielded a lower statistical bias in the case of pure bacterial culture samples [17]. On the other hand, this approach contributed 60%–80% of the total variance in bacterial count data in the case of seawater samples [2]. This could be because the actual bacterial cell distribution in the environmental samples may not be random and thereby contribute to overestimation or underestimation of the total bacterial abundance. Hence, the reliability of the random fields of view selection approach for counting bacteria in environmental samples needs to be statistically evaluated for its accuracy.



The literature reveals that most researchers in previous investigations counted a minimum of ten randomly selected fields of view per sample [4]. Other studies suggest that a total of 400 bacterial cells from all randomly selected fields of view per sample should be counted [4]. Moreover, the precision of counts depended on the number of bacteria counted [4]. For example, at a bacterial abundance below ~105.5 cells per filter, the precision of count data was consistent despite a decline in accuracy. This resulted in a significant over- or underestimation of the true bacterial abundance [18]. These findings highlight the need for the standardization of bacterial counting techniques in order to obtain precise total bacterial abundance data.



Usually, the most preferred method is to calculate the arithmetic mean value by counting the number of bacterial cells in randomly selected fields of view for a given sample [1,2,14,18]. Then, the arithmetic means from different samples are statistically compared. The arithmetic mean value of bacterial counts obtained under the most favorable conditions was considered as the true estimate of bacterial abundance [18]. However, it is highly challenging to obtain the variance of the true arithmetic mean value or any other measures of central tendencies, like the median or harmonic mean, in microscopic methods from samples that do not have a normal distribution [5]. To estimate the bias and variance of the arithmetic mean value of bacterial counts irrespective of the number of fields of view counted, a bootstrap method could be used to estimate these statistics because the assumption of normality is not necessary [19,20,21,22,23].



The principle behind the bootstrap method involves repeated random sampling of fields of view with replacement to generate a series of pseudo-counts [24]. This numerical resampling technique provides the statistical distribution of a statistical value of interest (like the arithmetic mean) and also allows the variance estimation of the targeted statistical value, regardless if the statistic is parametric (arithmetic mean) or non-parametric (median or harmonic mean) [25,26]. Owing to probable errors and biases associated with choosing random fields of view in the bacterial counting method, its reliability and efficacy have been investigated in this study.



The main objectives of this study were:

	
To determine the total number of DAPI-stained bacterial cells from all countable fields of view using epifluorescence microscopy and to visually describe the spatial distribution of DAPI-stained bacterial cells on a glass slide.



	
To test the accuracy and reliability of the values of the measures of central tendency, such as the arithmetic mean, median and harmonic mean, estimated by counting bacteria in randomly selected fields of view and using the bootstrapping technique to estimate variance.



	
To determine the minimum number of random fields of view and the minimum number of bacterial cells that need to be selected and counted to obtain an arithmetic mean value for reliable estimation of the total bacterial number in a natural marine biofilm sample.









2. Materials and Methods


2.1. Biofilm Collection


An acrylic plastic panel (20 cm × 15 cm) was coated with a commercially available biocidal antifouling coating, Micron Extra (IME International Co. Ltd, Dubai, The United Arab Emirates) using a 5.5 cm bristle brush. Two coatings were applied and the coated panel was dried at an ambient temperature for 24 h after which it was deployed at a depth of 1 m at Marina Shangri La (Muscat, Oman 23°32′55″N 58°39′23″E) for three weeks. The antifouling paint was used to prevent settlement of larvae of invertebrates and spores of algae but did not affect the marine bacteria [27]. At the end of the experiment, the biofilm was scraped off the panel’s surface (area 20 cm × 2.5 cm) using a sterile glass slide (7.5 cm × 2.5 cm) as a scalpel. The use of the glass slide was preferred over that of a scalpel to ensure uniform collection of the biofilm from a specific area on the panel’s surface (Supplementary, Figure S1). The scraped biofilm present on the glass slide was transferred to a sterile 1.5 mL Eppendorf tube (Eppendorf, Hamburg, Germany) by using sterile nuclease-free water (Ambion, Waltham, MA, USA). Subsequent traces of the biofilm from the edge of the glass slide were also removed using sterile nuclease-free water. The biofilm sample (volume = 50 µL) was transported on ice to the laboratory for further processing.




2.2. Sample Preparation for Staining


At the laboratory, the biofilm sample (S1) was fixed using 50 µL of a 3% formalin solution in sterile distilled water (final concentration) and thoroughly vortexed for 1 min at 25 °C. The amount of 3 µL of the fixed biofilm suspension was added to the centre of a sterile glass slide using a micropipette (Table 1). Subsequently, 1 µL of sample S1 was diluted with 10 µL of sterile nuclease-free water (Ambion, Waltham, MA, USA) in another sterile Eppendorf tube to obtain sample S2. After vortexing for about 30 s, 3 µL of the diluted sample S2 was pipetted and added onto another sterile glass slide (Table 1). Similarly, sample S3 was prepared by diluting 1 µL of sample S2 with 10 µL of sterile nuclease-free water (Ambion, Waltham, MA, USA). Further, 3 µL of S3 was added onto another sterile glass slide (Table 1). Since the samples S1, S2 and S3 were prepared as three subsamples from the original biofilm sample no further replication was necessary as the preparation of one slide per subsample was adequate [2].



To quantify the total number of bacterial cells in each sample, 6 µL of 4′, 6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO, USA) solution (100 ng/mL) in sterile distilled water was added to each of the three glass slides (Table 1). A sterile cover slip (2.2 cm × 2.2 cm, Thermo Scientific, Waltham, MA, USA) was carefully placed such that the left edge of the cover slip was placed first and gradually leveled to the right. The cover slip was gently tapped to remove any air bubbles between the sample and the cover slip. The cover slip was set similarly on all three glass slides to ensure consistency in sample preparation. All glass slides were incubated in the dark for 15 min at 25 °C before observation of bacterial cells [6]. To assess the photo-fading effect of DAPI staining solution, a separate glass slide (S4) was prepared using the sample, S1, as described previously (Table 1). The position of the glass slide was fixed in such a manner that the same field of view was observed daily for three weeks to count the stained bacterial cells. This was longer than the period taken to count bacteria in all samples.




2.3. Enumeration of Bacteria and Preparation of the Count Matrix


The number of bacteria on each slide was counted and a total of 13,924 microscope fields of view—covering an area of 4.316 cm2 on the cover slip (area = 4.84 cm2)—was read. Each microscope field of view was defined as the total circular area (0.0003 cm2) observed through the eyepiece of the epifluorescent microscope (Axiostar plus, Zeiss, Oberkochen, Germany; magnification 1000× with 100× objective; λEx = 359 nm, λEm = 441 nm). Counting was performed from the top left corner of the cover slip and the total number of bacteria in the entire field of view was counted and recorded (Figure 1; A1). To observe the next field of view on the cover slip, the slide was carefully moved horizontally to the right (Figure 1; B1). While moving the slide, the presence of fluorescing bacteria and particles was closely observed to ensure that the next field of view was the actual adjacent field of view on the cover slip.



Counting was continued until the last field of view at the top right corner of the cover slip was reached (Figure 1; DN1). To count Row 2, the slide was again carefully moved vertically one field of view down (Figure 1; from DN1 to DN2). The movement of fluorescing bacteria along the vertical diameter was used again to confirm non-overlapping between the fields of view. After counting the number of bacteria observed in the current field of view (Figure 1), the slide was moved towards the left to observe the next field of view (Figure 1; from DN2 to DM2). Counting was continued until the last field of view in this row, A2, was reached (Figure 1). Similarly, the remaining rows and columns were counted following the same above pattern.



Data from samples S1, S2 and S3 were represented as a count matrix with 118 columns (A, B, C…, DN) and 118 rows (1, 2, 3…, 118) on a spreadsheet in Excel 2010 (Microsoft, Redmond, WA, USA) (Figure 1). The number of bacteria from each field of view (as enumerated above) was entered into an Excel spreadsheet cell coinciding with the actual fields of view on the cover slip of each sample (Figure 1). The data counted from right to left in the even number of rows (Rows 2, 4, 6…, 118) were transformed into the left to right direction to create an accurate representation of the actual distribution of bacterial cells under the cover glass.




2.4. Data Analysis


2.4.1. Calculation of Measures of Central Tendency


Using the untransformed count matrix of each sample, basic statistical functions in Excel 2010 were used to calculate the total number of bacteria, as well as the values of the arithmetic mean and median. Due to the presence of zero counts in all the count matrices, it was not possible to estimate the harmonic mean using the built-in function. To adjust for zero counts, the harmonic mean of the non-zero counts was multiplied by the ratio of the number of the non-zero counts to the total number of counts in the count matrix [28].




2.4.2. Distribution of Bacterial Counts


First, the normality of the total bacterial count data was verified using the Shapiro-Wilk’s W test [29]. To determine the distribution of the total bacterial count data in the case of all three samples, relative frequency plots were generated using Statistica 11 (Statsoft, Tulsa, OK, USA). Two-dimensional heat maps were generated using the conditional formatting tool in Excel 2010. Each of the count matrices were correspondingly formatted into heat maps to illustrate the distribution of the 10th percentile count, 50th percentile count and the 90th percentile count for the total count data. Further, three-dimensional surface plots [30] of the count matrices were generated to visually understand the actual spatial distribution of bacterial cells under the cover glass on each of the three slides. Each of these three-dimensional plots shows the numbers of bacteria along the z-axis, the rows along the y-axis and the columns along the x-axis.




2.4.3. Bootstrapping


A bootstrapping technique [19,21,26,31] was used to estimate the variance and bias for each measure of central tendency: means (arithmetic and harmonic) and the median. Resampling with replacement was done to generate 1000 bootstrap samples for each resampled size of 3, 5, 10, 20, 30, 40, 50, 60, 70, 80 and 90. The function, dResample, obtained from an Excel add-in, PopTools version 3.2 [32], was used for the above bootstrapping method. The mean for each statistical measure was calculated along with estimates of the standard error and 95% confidence intervals around the mean value of each statistical measure. Additionally, values of the coefficient of variation (CV) for each of the arithmetic mean, median and harmonic mean were also calculated.




2.4.4. Assessing the Accuracy and Reliability of the Estimated Statistical Measures


To predict the actual total number of bacteria under the cover slip, Equation 1 was used for each statistical measure,


Total number of bacteria = statistical measure × 13,924



(1)




where the statistical measure (arithmetic mean or harmonic mean or median) refers to the mean value of the pseudo replicates obtained from 1000 bootstrap samples; 13,924 is the total number of counts in each sample. To assess the reliability of the statistical estimates, percentage bias (% bias) [33] was calculated using Equation (2),


   % Bias =   Predicted   value − Observed   value   Observed   value   × 100   



(2)




where the predicted value refers to the total number of bacteria estimated by the statistical measure using Equation (1) and the observed value is the actual total number of bacteria recorded in the count matrix of each sample. A comparison of the percentage bias in the statistical measures obtained from the random method of counting was done to assess which is the most reliable statistic.






3. Results


3.1. Measures of Central Tendency and Count Data Distribution


The total number of bacteria enumerated from 13,924 fields of view observed for each sample was found to be 240,005, 107,188 and 50,087 cells in S1, S2 and S3 samples, respectively (Table 2). The relative frequency plots of the total bacterial count from 13,924 fields of view in all samples (Figure 2) revealed that the count data did not fit a normal distribution as confirmed by the p-values of Shapiro-Wilk’s test (p < 0.01 in all cases). Different frequency distributions were seen for all samples (Figure 2).




3.2. Spatial Distribution of Bacterial Counts


The two-dimensional heatmaps revealed that the distribution of bacterial cells was not uniformly distributed for all samples (Figure 3). A differential distribution of the 10th, 50th and 90th percentile counts in the total bacterial count data was also observed in the S1, S2 and S3 samples. In the case of S1, most of the 90th percentile counts were found to be clustered in the centre and top zone of the counted area on the glass slide.



However, in the case of S2, most of the 90th percentile counts were non-uniformly distributed and clustered around the central zone of the counted area which contained most of the 50th percentile counts. In the case of S3, the 90th percentile counts were found to be clustered to the left and right sides of the counted area on the glass slide (Figure 2).



The three-dimensional surface plots showed that the bacterial cells were clustered on the glass slide in all samples (Figure 4).



For the S1 sample, high numbers of bacteria were found on the top rows and centre of the count matrix while lower numbers and zero counts were found in the lower half of the count matrix (Figure 4). In the case of the S2 sample, an unusual void comprising of zero to ten bacterial cells was found in the centre of the count matrix. Higher numbers of bacterial cells were noted in the peripheral fields of view surrounding the void of the count matrix (Figure 4). For the S3 sample, the number of bacterial cells was similar in different fields of view except for a few fields of view on the sides of the cover slip comprising slightly higher bacterial numbers (Figure 4).




3.3. Variability in the Measures of Central Tendency


For the sample S1, the values of the estimated arithmetic mean, median and harmonic mean estimated using the bootstrapping technique were found to be highly inconsistent (Figure 5a). In contrast, these values were consistent in the samples S2 and S3 (Figure 5b,c). A very high variability in the measures of central tendency was observed when bacteria were counted from 5, 10 and 15 randomly selected fields of view in all samples (Figure 5). However, the variability was much lower when 20 random fields of view were counted. Thereafter the variability remained consistent in case of the arithmetic mean but not in the case of the median and harmonic mean values (Figure 5).




3.4. Assessing the Reliability of the Measures of Central Tendency


The arithmetic mean overestimated the total bacterial number in the case of sample S1 and underestimated the total bacterial number in case of the samples S2 and S3 depending on the number of random counts (Figure 6). It was found that counting bacteria in a minimum of 20 random fields of view provided a reliable arithmetic mean value to estimate the total bacterial number in all samples (Figure 6). In regards to the median value, the total bacterial number was underestimated in all samples except at 10 random counts for the samples S1, S3 and for 5 random counts in the sample S2 (Figure 6). The harmonic mean was highly unreliable in estimating the total bacterial number in all samples regardless of the number of fields of view counted (Figure 6).



Moreover, a comparison of the coefficient of variation (CV) in all samples showed that the variability decreased with increased number of random counts irrespective of the estimated statistical measures (Figure 7). The estimated values of the arithmetic mean yielded the lowest CV values for samples S2 and S3 irrespective of the number of random counts (Figure 7, S2 & S3). There was less than a 5% variation in the CV values after 60, 50 and 40 random counts in the samples S1, S2 and S3, respectively (Figure 7).



Alternatively, the total number of bacteria that must be counted from all the selected random fields of view depended on the inherent bacterial number and the distribution of bacterial cells in a sample. In the case of sample S1 which showed very high bacterial numbers and a non-uniform distribution of cells, a minimum of 350 bacterial cells (Figure 8A) must be counted from all randomly selected fields of view to obtain a reliable arithmetic mean value. However, in the case of samples S2 and S3 with lower bacterial numbers, a minimum of 150 and 75 bacteria must be counted, respectively (Figure 8A). There was less than a 5% variation in the CV values after the above stated minimum number of bacteria had been counted in all samples (Figure 8B).




3.5. Assessment of the Photo-Fading Effect


A total of 21 stained bacterial cells were counted from the same field of view in the case of sample S4. The DAPI staining solution used in this study did not show any photo-fading effect and the bacterial count remained consistent over a period of three weeks.





4. Discussion


4.1. Distribution of Bacterial Counts


In this study, subsampling of the same biofilm sample was used to obtain several samples with different numbers of bacterial cells (dilution) to estimate different bacterial densities. In sample S1, higher numbers of bacteria were counted than in case of samples S2 and S3. These differences cannot be explained by the fading effect of the staining dye (DAPI) during the counting as it was not observed in this experiment. Probably the differences in bacterial counts were because the original sample (S1) was diluted. Such dilution was shown to cause variability in bacterial numbers enumerated in seawater samples [2,3,4,34,35,36,37,38]. However, there are no previous reports of the effect of dilution on bacterial densities in the case of enumerating bacteria from a marine biofilm.



Distinct patterns of spatial distribution of the total number of bacterial cells on a glass slide were observed in the case of all samples read. Such differences in the spatial distribution of aquatic bacteria to any substrate can be attributed to the bacterial cell surfaces, the substrate, the presence or absence of liquid separating the substrate from the cells [39] and environmental factors, such as the attractive and repulsive electrostatic forces, bacteria-substratum interactions and extracellular polymers secreted by the microbial cells [17,18,39,40,41,42,43,44,45].



The current study reveals that bacterial cells are non-randomly distributed on a glass slide irrespective of the density of bacteria. Similarly, previous investigations have reported the non-random distribution of bacterial cells on a filter following filtration of aquatic samples [5,46,47]. A similar study reported the homogeneous and heterogeneous distribution of food-contaminating bacteria in batches of infant milk powder after production or processing using colony forming units (CFU) counts [30]. With regards to the enumeration of bacteria on glass slides, there were no reports on the distribution of bacterial cells for any type of sample [6,48,49].



Because of the non-uniform distribution of bacterial cells on a glass slide, the resulting count data was not normally distributed irrespective of the total number of cells in the sample counted. Similarly, previous studies have reported a non-normal distribution of bacterial counts on nucleopore membrane filters [2,3,5,17,18,30]. Non-normal distribution of bacterial count data differentially affects the reliability and accuracy of the arithmetic mean depending on the number of randomly selected fields of view. For example, in the case of sample S1, the arithmetic mean value obtained by counting bacteria from 15 randomly selected fields of view overestimated the total bacterial number by 70%. However, in the case of samples S2 and S3 with lower bacterial numbers, the arithmetic mean was found to underestimate total bacterial number by almost 15% (10 randomly selected fields of view) and 18% (40 randomly selected fields of view). The fact that bacteria are not normally distributed on a glass slide needs to be considered in future studies.




4.2. Accuracy and Reliability of the Arithmetic Mean


The lowest variability and bias in the arithmetic mean was found only when a minimum of 20 random fields of view were selected to count bacteria in any biofilm sample. About 50% of previous studies using epifluorescence microscopy and DAPI-staining technique involved the selection of ten random fields of view as the standard number for estimating the average bacterial density [1,50,51,52,53,54]. Only a few researchers estimated the average bacterial density in a biofilm sample counting 20 random fields of view [14,55,56,57,58,59,60,61,62]. Moreover, regarding the natural biofilm samples either dispersed or grown on glass slides, previous studies have estimated the average bacterial density by counting bacteria in 5 or 10 random fields of view [6,14,49,63]. Based on our results, not selecting the appropriate number of random fields of view can lead to potential overestimation or underestimation of the total bacterial density in a natural biofilm sample.



To rely on the arithmetic mean value to estimate bacterial density in a sample, a minimum of 350 bacterial cells should be counted if bacterial cells are non-uniformly distributed on the glass slide. On the other hand, a lesser number of cells can be counted if bacteria are distributed more uniformly on the glass slide. Most of the previous studies did not report the number of bacterial cells counted [5,14,49,64,65,66,67]. Some studies reported that a minimum of 400–1000 bacterial cells were counted in a sample [57,58,61,62]. However, these studies did not report the distribution of bacterial cells in the samples and why these numbers of bacterial cells were selected.





5. Conclusions


The current study demonstrates that a non-uniform distribution of bacterial cells on the glass slide resulted in a non-normal distribution of bacterial count data regardless of the total bacterial number in a marine biofilm sample. Among the three measures of central tendency, the arithmetic mean was found to be the most reliable estimate to obtain total bacterial density. A minimum of 20 random fields of view or a minimum of 350 bacterial cells need to be counted to obtain a reliable value of the arithmetic mean for estimating the total bacterial density within a marine biofilm sample.
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The following are available online at www.mdpi.com/2077-1312/5/1/4/s1, Figure S1: Area of biofilm collection from the surface of the panel coated with antifouling coating, IME.
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Table A1. Review of publications citing the approach of selecting random fields of view to count bacterial cells stained with 4′6-diamidino-2-phenylindole (DAPI) using epifluorescence microscopy.







Table A1. Review of publications citing the approach of selecting random fields of view to count bacterial cells stained with 4′6-diamidino-2-phenylindole (DAPI) using epifluorescence microscopy.







	
Sample Types

	
Substrate Used for Counting *

	
Number of Randomly Selected Fields of View

	
Number of Bacteria per Field of View

	
Total Minimum Number of Bacteria per Sample

	
Reference






	
Laboratory culture

	
MS

	
4

	
Unknown

	
100

	
Matsunaga et al. [48]




	
Seawater

	
NMF

	
5

	
50 to 150

	
Unknown

	
DeLong et al. [68]




	
Natural biofilms

	
MS

	
5

	
Unknown

	
Unknown

	
Chiu et al. [49]




	
In-vitro cultured biofilm

	
PP

	
5

	
Unknown

	
Unknown

	
Chiu et al. [69]




	
In-vitro cultured biofilm

	
MW

	
5

	
Unknown

	
Unknown

	
Camps et al. [66]




	
In-vitro cultured biofilm

	
NMF

	
5

	
Unknown

	
Unknown

	
Nasrolahi et al. [63]




	
Laboratory culture

	
NMF

	
8 to 20

	
Unknown

	
Unknown

	
Yu et al. [55]




	
Agricultural field

	
NMF

	
8 to 20

	
Unknown

	
Unknown

	
Yu et al. [55]




	
Lake water

	
NMF

	
10

	
Unknown

	
1000

	
Porter & Feig [1]




	
Laboratory culture

	
NMF

	
10

	
Unknown

	
Unknown

	
Hicks et al. [50]




	
Aquaculture pond

	
NMF

	
10

	
Unknown

	
Unknown

	
Hicks et al. [50]




	
Artificial greenhouse pond

	
NMF

	
10

	
Unknown

	
Unknown

	
Hicks et al. [50]




	
Seawater

	
NMF

	
10

	
Unknown

	
400

	
Lovejoy et al. [51]




	
Drinking water

	
NMF

	
10

	
Unknown

	
400

	
McMath et al. [52]




	
Lake water

	
NMF

	
10 to 20

	
Unknown

	
1500

	
Glöckner et al. [56]




	
Seawater

	
NMF

	
10 to 20

	
Unknown

	
Unknown

	
Davidson et al. [59]




	
Seawater

	
NMF

	
10 to 20

	
Unknown

	
400

	
Lunau et al. [60]




	
Lake water

	
NMF

	
10

	
Unknown

	
Unknown

	
Berman et al. [70]




	
Lake water

	
NMF

	
10

	
Unknown

	
200

	
Søndergaard & Danielsen [71]




	
Marine sponge tissue extracts

	
NMF

	
10

	
Unknown

	
Unknown

	
Harder et al. [54]




	
Seawater

	
NMF

	
10

	
Unknown

	
Unknown

	
Grossart et al. [72]




	
Lake water

	
NMF

	
10

	
Unknown

	
Unknown

	
Kondo et al. [73]




	
Waste gas biofilter

	
NMF

	
≥10

	
Unknown

	
1000

	
Friedrich et al. [53]




	
Laboratory culture

	
NMF

	
12

	
Unknown

	
Unknown

	
Seo et al. [5]




	
Pond water

	
NMF

	
12

	
Unknown

	
Unknown

	
Seo et al. [5]




	
Natural biofilms

	
NMF

	
12

	
Unknown

	
Unknown

	
Seo et al. [5]




	
Lake water

	
NMF

	
12

	
Unknown

	
Unknown

	
Seo et al. [5]




	
Plant roots

	
NMF

	
12

	
Unknown

	
Unknown

	
Seo et al. [5]




	
Leaf litters

	
NMF

	
12

	
Unknown

	
Unknown

	
Seo et al. [5]




	
Sand

	
NMF

	
15

	
Unknown

	
200

	
Eppstein & Rossel [74]




	
Tidal sediments

	
NMF

	
15

	
Unknown

	
200

	
Yu et al. [55]




	
Laboratory culture

	
NMF

	
18

	
Unknown

	
Unknown

	
Monfort & Baleux [64]




	
Lake water

	
NMF

	
18

	
Unknown

	
Unknown

	
Monfort & Baleux [64]




	
Brackish water

	
NMF

	
18

	
Unknown

	
Unknown

	
Monfort & Baleux [64]




	
Laboratory culture

	
NMF

	
20

	
Unknown

	
Unknown

	
Mesa et al. [57]




	
Lake water

	
NMF

	
20

	
Unknown

	
500

	
Pinhassi & Berman [58]




	
Seawater

	
NMF

	
20

	
Unknown

	
500

	
Pinhassi & Berman [58]




	
Soil

	
NMF

	
20

	
Unknown

	
1000

	
Braun et al. [61]




	
Seawater

	
NMF

	
20

	
Unknown

	
400

	
Shibata et al. [62]




	
Natural biofilms

	
MS

	
20

	
Unknown

	
Unknown

	
Dobretsov et al. [14]




	
In-vitro cultured biofilm

	
NMF

	
25

	
Unknown

	
1250

	
Leroy et al. [75]




	
Seawater

	
NMF

	
30

	
Unknown

	
Unknown

	
Hassanshahian et al. [67]




	
Laboratory culture

	
NMF

	
30

	
Unknown

	
Unknown

	
Saby et al. [65]




	
River water

	
NMF

	
30

	
Unknown

	
Unknown

	
Saby et al. [65]




	
Drinking water

	
NMF

	
30

	
Unknown

	
Unknown

	
Saby et al. [65]




	
Seawater

	
NMF

	
≥30

	
20 to 50

	
600

	
Garabétian et al. [76]




	
Freshwater

	
NMF

	
≥30

	
20 to 50

	
600

	
Garabétian et al. [76]




	
Stream sediment

	
NMF

	
34

	
Unknown

	
Unknown

	
Diederichs et al. [77]




	
Laboratory culture

	
NMF

	
50

	
20 to 40

	
Unknown

	
Davidson et al. [59]




	
Whey

	
NMF

	
50

	
20 to 40

	
Unknown

	
Corich et al. [78]




	
Seawater

	
NMF

	
260

	
Unknown

	
Unknown

	
Sekar et al. [79]




	
Seawater

	
NMF

	
Unknown

	
15 to 30

	
Unknown

	
Sherr et al. [80]




	
Laboratory culture

	
NMF

	
Unknown

	
Unknown

	
100

	
Pace & Bailiff [81]




	
Wastewater

	
NMF

	
Unknown

	
Unknown

	
100

	
Garren & Azam [82]




	
Seawater

	
NMF

	
Unknown

	
Unknown

	
100

	
Garren & Azam [82]




	
Freshwater

	
NMF

	
Unknown

	
Unknown

	
100

	
Garren & Azam [82]




	
Seawater

	
NMF

	
Unknown

	
Unknown

	
200

	
Karner & Fuhrman [83]




	
Lake water

	
NMF

	
Unknown

	
Unknown

	
400

	
Alfreider et al. [84]




	
Seawater

	
NMF

	
Unknown

	
Unknown

	
400

	
Garneau et al. [85]




	
Laboratory culture

	
NMF

	
Unknown

	
Unknown

	
1000

	
Ogawa et al. [86]




	
River water

	
NMF

	
Unknown

	
Unknown

	
1000

	
Ogawa et al. [86]








* Substrates used for counting include NMF—Nucleopore Membrane Filter, MS—Microscope Slide, PP—Polystyrene Petri dishes.
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Figure 1. Virtual count matrix (represented by columns A, B, C…DN and rows 1, 2, 3…118) including 13,924 fields of view (depicted by circles) on the cover slip (area counted = 4.316 cm2) of sample S1. Direction of counting is shown by the blue-coloured arrows. Black arrows indicate column and row enumeration direction and the position of the cover glass on the microscope slide. 
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Figure 2. Relative frequency plots show the distribution of total bacterial count data for all samples, (a) S1; (b) S2 and (c) S3. In each plot, the number of fields of view is shown on the y-axis and number of bacterial cells per field of view is shown on the x-axis. 
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Figure 3. Two-dimensional heat maps representing the distribution of 10th percentile (white), 50th percentile (grey) and 90th percentile (black) counts in the total bacterial count data from each of the samples S1 (a); S2 (b) and S3 ((c), arrows in black indicate the 90th percentile counts). 
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Figure 4. Spatial distribution of bacterial cells under the cover slip for samples, (a) S1; (b) S2 and (c) S3 are shown using three-dimensional surface plots based on the respective count matrices. In each plot, the number of bacterial cells is shown along the z-axis, rows of the count matrix along the y-axis and columns of the count matrix along the x-axis. 
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Figure 5. Estimated values of arithmetic mean, median and harmonic mean based on random counts obtained from samples, (a) S1; (b) S2 and (c) S3 (as denoted in figure above) using bootstrapping technique (n = 5, 10, 15, 20, 25, 30, 35 and 40 each of 1000 iterations with replacement). Vertical bars indicate the standard deviation in counts. Broken straight lines indicated in same colour as data points, refer to the actual value of the corresponding statistical measure calculated from the original count matrix of each sample (13,924 fields of view). 
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Figure 6. The percentage bias for each of the samples S1, S2 and S3 associated with the estimated values of the arithmetic mean, median and harmonic mean based on the random counts generated by bootstrapping (1000 iterations with replacement). 
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Figure 7. Coefficient of variation plots for each of the samples S1, S2 and S3 showing the CV percentage for each of the estimated statistical measures (arithmetic mean, median and harmonic mean) based on the random counts generated by bootstrapping (n = 5, 10, 20, 30, 40, 50, 60, 70, 80 and 90 each 1000 iterations with replacement). 
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Figure 8. Plots showing the variations in the arithmetic mean estimated in each of the samples S1, S2 and S3 in terms of (A) percentage bias and (B) coefficient of variation (%). The total number of bacteria counted from each of 5, 10, 20, 30 and 40 fields of view is shown along x-axis while the respective values of percentage bias or coefficient of variation (%) are shown along y-axis. 
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Table 1. Volumetric description of sample preparation (S1, S2 and S3) and subsequent staining for counting bacterial cells using epifluorescence microscopy.







Table 1. Volumetric description of sample preparation (S1, S2 and S3) and subsequent staining for counting bacterial cells using epifluorescence microscopy.







	
Sample

	
Sample Preparation

	
Total Volume (µL) of Sample on Glass Slide

	
Total Volume (µL) of DAPI Solution Added

	
Total Volume (µL) of Stained Sample Counted




	
Volume (µL) of Biofilm Suspension

	
Volume (µL) of Sterile Nuclease-Free Water

	
Total Volume (µL) of Sample in Eppendorf Tube






	
S1

	
100

	
0

	
100

	
3

	
6

	
9




	
S2

	
1 (from S1)

	
9

	
10

	
3

	
6

	
9




	
S3

	
1 (from S2)

	
9

	
10

	
3

	
6

	
9




	
S4 *

	
1 (from S1)

	
9

	
10

	
3

	
6

	
9








* Sample used to assess the photo-fading effect of DAPI staining solution.
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Table 2. Values of the measures of central tendency estimated from samples S1, S2 and S3.







Table 2. Values of the measures of central tendency estimated from samples S1, S2 and S3.







	
Sample *

	
Total No. of Bacterial Cells Counted

	
Arithmetic Mean

	
Median

	
Harmonic Mean






	
S1

	
240,005

	
17.24

	
9.00

	
5.34




	
S2

	
107,188

	
7.70

	
6.00

	
4.12




	
S3

	
50,087

	
3.60

	
3.00

	
2.07








* For all samples, 13,924 fields of view were counted in total.
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