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ABSTRACT 

 Among the parameters analysed by microbiologists, cell number or biomass is one of the 

most critical.  Many techniques have been developed for direct and indirect cell enumeration in 

pure cultures and environmental samples.  The time requirements, cost, and sensitivity of these 

methods vary widely.  A microtitre assay has been developed recently for the sensitive detection 

of microbial cells in aqueous samples, using SYBR Green I in combination with a fluorometric 

microplate reader.  The purpose of the present study was to confirm the sensitivity and utility of 

this method by quantifying purified λ phage DNA, as well as bacterial cells from cultures, 

industrial samples, and environmental samples.   The lower detection limit for viral DNA was 

found to be 0.1 pg mL-1, and for lab-cultured E. coli, 2.5 x 104 cells mL-1.  These values were 

consistent with those published previously.  In addition, SYBR Green I was used to quantify 

cells in industrial water before and after treatment by UV irradiation.  These results were 

compared to those obtained using the Live/Dead® BacLight™ Bacterial Viability Kit.   In both 

cases, higher fluorescence occurred in UV-treated samples, contrary to expectations.  Overall, 

the method tested here is relatively fast, simple and economical, and may be useful in the 

estimation of cell numbers or biomass in microbial cell suspensions or cultures.  It also appears 

to have some utility in the quantification of microbes in environmental fresh water.  However, its 

utility in viability assays is uncertain and may be affected by the presence of unknown organic 

compounds.  This is the first reported use of this method to analyse samples of environmental or 

industrial water without the use of preliminary enrichments.   
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INTRODUCTION 

 Cell number or biomass is among the most critical parameters measured by 

microbiologists.  Many techniques have been developed for direct and indirect cell enumeration 

in pure cultures and environmental samples.  These include cultivation-based methods, 

epifluorescence and light microscopy, flow cytometry, turbidimetry, and molecular techniques, 

to name a few.  The time requirements, cost, and sensitivity of these methods vary widely.  With 

the ongoing need to monitor microbial populations in drinking water, industrial effluents, and 

environmental water, there is a demand for faster and more accurate testing (Gruden et al., 

2004).   

 Culture-based techniques include the viable plate count and Most Probable Number 

(MPN) methods.  These methods target specific microbial groups and also may be used to 

acquire pure cultures; however, they are often laborious and impractical for the enumeration of 

slower-growing bacteria, which usually need preliminary enrichment in a selective medium.  At 

best, plate counts and MPN can be used to estimate cell numbers.  For example, neither method 

detects microorganisms which are present but metabolically inactive.  Fewer than 1% of 

microorganisms in the environment have been cultured in the lab (Atlas and Bartha, 1998; 

Prescott, 2005).  

 Turbidimetric techniques use the scattering of light by microbial cells in bulk medium.  

The amount of scattering is directly proportional to biomass, and indirectly related to cell 

number.  Measurements are made using a spectrophotometer, and a standard curve relating 

absorbances to number of viable cells is then used to estimate the cell density per unit volume of 

sample.  The method is fast and relatively easy to use, but requires careful calibration, and is of 

limited use for samples with low cell densities (i.e. < 106 cells mL-1).  In addition, there may be 
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interference by cell aggregation or particulates.  The latter can be overcome only by 

ultrafiltration of the sample (Gerhardt et al., 1981).   

 Direct counts are done visually using light or epifluorescence microscopy, or 

electronically using flow cytometry.   These methods are used to analyse samples from a variety 

of habitats (e.g. marine, freshwater, soil) whose populations differ widely with respect to size 

and physiology.  Direct counts allow enumeration of viable but non-culturable cells which are 

overlooked in culture-based assays.  Epifluorescence microscopy generally yields counts two 

orders of magnitude higher than culture-based methods.  However, direct count methods are 

complicated by the presence of detritus or cell aggregates, and cannot always distinguish live 

from dead cells.  Furthermore, the dyes used to stain cells may produce background 

fluorescence, and their efficiency is sometimes affected by detergents or sample salinity (Gruden 

et al., 2004).  Microscopic counts are time-consuming, require training and experience, and are 

subject to individual bias.  Flow cytometry will have limited utility until smaller, less expensive 

instruments become widely available.  These instruments are currently being developed and are 

not yet in widespread use (Tranvik, 1997; Gruden et al., 2004; Martens-Habbena and Sass, 

2006).     

 Fluorochromes are used to label antibodies or known gene sequences for use in the 

quantification of specific microbial populations.  These methods can identify bacteria in mixed 

cultures and are sensitive enough to detect single cells, especially when coupled with image 

analysis.  They are not useful for obtaining total cell counts, since the fluorescence-labelled 

probes are highly specific.  

 The nucleic acid stain SYBR Green I was designed for the detection of double-stranded 

DNA in agarose or polyacrylamide gels.  This dye has also been used to stain aqueous samples 
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for direct microbial enumeration by epifluorescence microscopy (Noble and Fuhrman, 1998), 

and in a microplate assay using a UV transilluminator gel imaging system (Vitzthum et al., 

1999).  SYBR Green I offers several advantages over other fluorochromes.  It is more sensitive 

than the dyes traditionally used to stain cells, such as acridine orange and DAPI (4’, 6-

diamidino-2-phenylindole dihydrochloride).  It does not stain background particulates or require 

the desalination of samples, and both dye and sample can be used in minimal volumes.  SYBR 

Green I can be used on either fresh or preserved samples from a wide range of environments 

(Noble and Fuhrman, 1998; Martens-Habbena and Sass, 2006).  The greatest limitation to its use 

is that it yields a much lower fluorescence signal when bound to ssDNA or RNA instead of 

dsDNA (Kepner and Pratt, 1994; Zipper et al., 2004; Martens-Habbena and Sass, 2006).  This 

could present a problem for the quantification of some viral populations. 

 A microtitre assay has been developed recently for the sensitive detection of microbial 

cells in aqueous samples (Martens-Habbena and Sass, 2006).   This method uses SYBR Green I 

in combination with a fluorometric microplate reader, and reportedly allows the processing of a 

large number of samples or dilutions using minimal volumes of both sample and stain, with 

results obtained within a few hours.  The assay may be used to analyse pure cultures or bacterial 

enrichments at low cell densities (i.e. <106 cells mL-1), whether fixed or untreated.    

 The success of this method depends on the validity of several assumptions: (1) that 

fluorescence intensities are similar for purified and cellular DNA; (2) that fluorescence intensity 

is minimally affected by rRNA; (3) that results are not greatly affected by the presence of viruses 

in the sample.  Since the presence of single-celled eukaryotes could significantly increase 

fluorescence intensity, these must be removed by filtration or centrifugation prior to staining.  In 
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addition, an estimated average amount of DNA per cell must be assumed for environmental 

samples whose composition has not been determined.   

 The purpose of the present study was to confirm the utility of this method by applying it 

to the examination of bacterial cultures and suspensions, using samples from a variety of sources.  

First, the sensitivity of the method was determined by using it to quantify λ phage DNA content, 

as well as cells in selected bacterial cultures (E. coli, Methylocystis spp.).  In addition, a trial was 

carried out using E. coli stained with DAPI in order to compare the relative sensitivity of the two 

dyes.  Second, the assay was used to estimate microbial biomass in environmental freshwater 

samples.  These were obtained from Tamagawa Pond at Malaspina University-College, 

Nanaimo.  Finally, the assay was used to quantify microbial cells in recirculated fresh water from 

an aquaculture system.  Samples were obtained from the Department of Fisheries and 

Aquaculture, Malaspina University-College, Nanaimo, in order to compare cell densities before 

and after treatment by UV irradiation.  These results were compared to those obtained from 

microplate assays using the Live/Dead® BacLight™ Bacterial Viability Kit (Molecular 

Probes/Invitrogen), referred to henceforth as BacLight.   The latter method combined the red-

fluorescing dye propidium iodide with SYTO-9, a green-fluorescing dye, to differentially stain 

DNA in metabolically active and inactive cells.  Like SYBR Green I, SYTO-9 is a permeant dye 

which stains DNA in all cells, regardless of their metabolic state.  Propidium iodide is an 

impermeant, and binds DNA only in cells whose membrane integrity has been compromised.   

 Total direct microscopic counts were done using SYBR Green I to confirm the accuracy 

of the microplate method.  This technique holds promise as a rapid, sensitive, and relatively 

inexpensive way to analyse water samples for microbial content in a wide variety of applications.  

Although the assay has been used previously with enrichments of environmental species 
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(Martens-Habbena and Sass, 2006), this is the first reported attempt to analyse raw samples of 

environmental or industrial water using this method. 
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MATERIALS AND METHODS 

 Nucleic acid staining of bacterial cells.  Nucleic acid stains were prepared as described 

previously (Martens-Habbena and Sass, 2006).  Stock solutions of SYBR Green I (Molecular 

Probes-Invitrogen) were divided into aliquots in 1.5-mL reaction tubes at the original 

concentration (10,000X), then stored at -20°C.  Working solutions of  SYBR Green I were 

prepared prior to use in sterile TE buffer concentrate (200 mM Tris-HCl, 50 mM sodium EDTA, 

distilled H2O, pH 8.0) at various concentrations, depending on the assay (Table 1).  Staining was 

done in untreated 96-well microplates (VWR International) using 200 μL of cell or DNA 

suspension and 50 μL of dye.  Plates were incubated at room temperature in the dark for various 

periods of time depending on the assay (Table 1). 

 

Table 1.  SYBR Green I staining experiments 

Assay Final assay 
concentration 

Working  
solution 

Incubation conditions 

Enumeration of 
bacterial cells 

1000-fold dilution of 
stock solution 

5 x final concentration 1-2 hours  
(room temperature in 
the dark) 

Lambda phage DNA 
quantification 

2000-fold dilution of 
stock solution 

5 x final concentration 5 minutes  
(room temperature in 
the dark) 

Total direct counts 2500-fold dilution of 
stock solution 

10-fold dilution of 
stock solution 

15 minutes  
(room temperature in 
the dark) 

 

 

 To compare the sensitivity of SYBR Green I with another stain traditionally used to 

detect microbial cells, E. coli was prepared as above and stained with DAPI (Sigma-Aldrich).  

The dye was prepared as follows:  the crystallized dye was dissolved in sterile distilled H2O at a 

concentration of 10 mg mL-1.  This stock solution was stored at 4°C until use.  For staining, the 
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stock solution was diluted to a concentration of 10 μg mL-1 in sterile 1X PBS (per L: 80 mL 

distilled H2O; 0.2 g KCl; 8.0 g NaCl; 1.78 g Na2HPO4; 0.24 g KH2PO4; final pH 7.2).  Of this 

working solution, 50 μL was added to 200 μL of cell suspension per well in a 96-well plate, for a 

final assay concentration of 1/2000 of the original stock.  Plates were incubated for 15 minutes in 

the dark at room temperature (~ 20°C) before fluorometric analysis (see below). 

 

 Fluorescence measurements using selected bacterial cultures.   Suspensions of 

Escherichia coli (ATCC 31959) were prepared as follows:  the bacteria were cultured aerobically 

in Luria-Bertani (LB) Broth at 37°C on a rotary shaker (Excella E24, New Brunswick Scientific) 

at 125 rpm.  Cells were harvested at early stationary phase using centrifugation (ThermoIEC, 

Centra CL3R) for 45 minutes at 10,000 x g.  Cells were washed once and resuspended in sterile 

mineral salts medium (per L distilled H2O: 1.0 g NaCl; 0.3 g NH4Cl; 0.025 g MgSO4·7H2O; 0.1 

g CaCl2·2H2O; 0.4 g MgCl2·6H2O; 0.6 g H2PO4) to a cell density of approximately 8 x 108 cells 

mL-1, which corresponds to an OD660 of 1.0 (Sung and Fuchs, 1989).  Suspensions were stored at 

4°C for up to one week.   

 Methylocystis spp. (ATCC 49243) cultures were obtained from the Biology Department, 

Malaspina-University College, Nanaimo.  The bacteria were cultured in ATCC # 1683 broth (per 

1L distilled H2O:  0.7 g K2HPO4; 0.54 g KH2PO4; 1.0 g MgSO4·7H2O; 0.2 g CaCl2·2H2O; 0.004 

g FeSO4·7H2O; 0.5 g NH4Cl; 0.5 mL Trace Element Solution; 50% CH4; 50% air).  Trace 

Element Solution contained the following, per 1L distilled H2O: 10 mg ZnSO4 · 7H2O; 3 mg 

MnCl2 · 4H2 · 4H2O; 30 mg H3BO4; 3 mg Na2MoO4 · 2H2O; 20 mg CaCl2 · 6H2O; 2 mg NiCl2 · 

6H2O; and 1 mg CuCl2 · 2H2O).  Cultures were incubated at 25°C for 5-7 days, with the addition, 

every 48 hours, of a mixture of 20% CH4 and 80% air.  Cultures were stored at 4°C until use. 
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 Fluorescence measurements were carried out in replicates of 4-8 by staining and 

incubating samples as described above using a 1000-fold dilution of SYBR Green I, followed by 

analysis on a Bio-Tec Flx 800 microplate reader (excitation, 485 nm; emission, 528 nm).  

Measurements were carried out in single reading cycles with integration of 20 flashes, with a 

0.5-s delay between plate movement and reading, and without shaking.  Fluorescence analysis of 

bacterial cells stained with DAPI was carried out with different filter settings (excitation, 360 

nm; emission, 460 nm).  Cell numbers were determined by a total direct count using SYBR 

Green I and epifluorescence microscopy (see below).   

 In initial trials, turbidity measurements were done on a microplate reader (Emax, 

Molecular Devices) using E. coli culture prepared and inoculated into 96-well plates with ten-

fold dilutions, as described above.  These values were compared to those obtained using the 

fluorescence microplate reader, in order to observe whether there was a concomitant decrease in 

turbidity and fluorescence. 

 

 Nucleic acid quantification.  A λ phage DNA standard (500 μgmL-1, NE BioLabs, Inc.) 

was diluted 500-fold in sterile 1X TE buffer.  Ten-fold dilutions (ranging from 106 to 1 pg of 

DNA mL-1) were carried out in untreated 96-well microplates (200 μL per well), then stained 

with SYBR Green I (50 μL per well) using a 2000-fold dilution of the stock solution.  The 

samples were incubated for 5 minutes in the dark and analysed by fluorescence measurement 

with a microplate reader as described above. 

 

 Fluorescence analysis using industrial and environmental samples.  Freshwater 

samples were obtained from the recirculation system at the Department of Fisheries and 
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Aquaculture, Malaspina University-College, Nanaimo.  Samples were taken before and after 

treatment which consisted of filtration through sand to remove large particles, followed by 

treatment with a high-output sterilizer using UV irradiation at 150 Watts (Emperor Aquatics 

Inc.), at a flow rate of approximately 24 L per minute.  Samples were fixed with 0.5% 

formaldehyde immediately after collection.  Microbial cells were concentrated via centrifugation 

at 10,000 x g for 45 minutes, then resuspended in sterile 1X TE buffer (10 mM Tris-HCl, 1mM 

EDTA, pH 8) and stored at 4°C until use (usually no later than 24 hours after sampling, which 

did not result in a significant loss in fluorescence).  

 Freshwater environmental samples were obtained from Tamagawa Pond, Malaspina 

University-College, between January and March, 2007.  Samples were fixed with 0.5% 

formaldehyde, as above, centrifuged at 120 x g for 10 minutes to remove larger particulates, then 

centrifuged at 10,000 x g for 45 minutes to concentrate microbial cells.  These were resuspended 

in sterile 1X TE buffer at 4°C until use (up to 24 hours after sampling). 

 Microplates were inoculated as described above, and incubated in the dark and at room 

temperature (~20°C) for a total of 2 hours, as described by Martens-Habbena and Sass (2006).  

Fluorometric readings were taken at 1 hour and 2 hours after the start of incubation.  Cell 

numbers were checked by a total direct count using SYBR Green I and epifluorescence 

microscopy (see below).    

 Viability assays.  Suspensions of live and ethanol-killed  E. coli cells were prepared as 

per manufacturer’s instructions for the BacLight Kit # 7012 (Molecular Probes/Invitrogen) in 

order to confirm the sensitivity of the kit.  Briefly, E. coli was cultured in LB Broth as described 

above, and harvested at late log phase by centrifugation at 10,000 x g for 10-15 minutes.  The 

cells were washed and resuspended in sterile 0.85% NaCl.  One mL of this suspension was added 
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to 20 mL of 0.85% NaCl (for live cells), or 20 mL of 70% ethanol (for killed bacteria).  These 

were incubated for 1 hour at room temperature (~ 20°C) with manual shaking at 15 minute 

intervals.  The cells were concentrated again, as above, and resuspended in separate tubes 

containing 10 mL each of 0.85% NaCl.  The undiluted suspensions were mixed in various ratios 

of live-to-dead cells, as follows:  0:100, 10:90, 50:50, 90:10, and 100:0.  Of these mixtures, 100 

μL aliquots were pipetted in triplicate into a 96-well microplate.  To each well was added 100 μL 

of a 2X staining solution of propidium iodide and SYTO-9.  The latter had been prepared by 

mixing 6 μL each of the two stains in 2 mL of sterile distilled water at room temperature, and 

was used immediately. 

 Plates were incubated at room temperature (~ 20°C) and in the dark for 15 minutes before 

fluorometric analysis.  Green fluorescence intensity was measured as described above, with a 

subsequent measurement of red fluorescence immediately afterward (excitation, 485 nm; 

emission, 645 nm).    The data were analysed by plotting the ratio of fluorescence intensity at 

528 nm to that obtained at 645 nm in order to generate a standard curve.   

 Subsequent measurements were made using samples of fresh water from the recirculation 

system of the Fisheries and Aquaculture Department before and after UV irradiation.  Cells were 

prepared for staining as above, but concentrated by centrifugation, as described above, to 100-

fold their original density.  Samples were stained and analysed in duplicate using the protocol 

described above. 

  

 Total direct counts.   Total direct cell counts were carried out as described previously 

(Noble and Fuhrman, 1998).  Briefly, a 10-fold dilution of SYBR Green I stock solution was 

prepared, and 2.5 μL of dye was added to 97.5 μL of sterile distilled water in a sterile Petri dish 
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(final concentration: 2500-fold dilution of stock solution).  One mL of sample (fixed as described 

above) was filtered aseptically through a black polycarbonate filter (0.2 μm pore size, Millipore).  

The filter was placed into the Petri dish containing the dye solution and incubated at room 

temperature in the dark for 15 minutes.  It was then mounted on a microscopic slide, and viewed 

at 1000X magnification using a Zeiss Universal Microscope equipped with a 100-W mercury 

lamp (filter set: G365/450-490, FT395/510, LP420/520).  Ten fields per slide were counted and 

an average value obtained in order to calculate the estimated number of cells mL-1 in the sample. 

 

 Data analysis.  To convert fluorescence to cell density, a linear regression (Excel, 

Microsoft) of fluorescence intensity for 10-fold dilutions of DNA suspensions or bacterial 

cultures was used to generate a standard curve.  This was then used to estimate cell densities in 

environmental and industrial samples.  Statistical analysis was carried out using ANOVA (Excel, 

Microsoft Corp.) to check for significant differences between the means of freshwater samples 

pre- and post-UV treatment.   
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RESULTS 

  Selected bacterial cultures.   In trials using E. coli, fluorometric measurements yielded 

R2 values > 0.99 across several orders of magnitude at both high and low cell densities.  Figure 1 

shows data for 8 replicates using cell densities ranging from 2.5 x 104 to 2.5 x 107 cells mL-1.  

Turbidimetric measurements were carried out to see whether a concomitant reduction in turbidity 

would be observed.  This proved to be the case (data not shown).  Total direct counts using 

epifluorescence microscopy were carried out to confirm cell numbers.   

 Two-fold dilutions were also carried out to better determine the lower detection limit.  

The lowest cell density at which fluorescence was detected was approximately 2.5 x 104 cells 

mL-1 (data not shown).  This is close to the literature value of 104 cells mL-1 (Martens-Habbena 

and Sass, 2006).  Over 8 replicates, R2 values > 0.99 (Fig. 1) indicated a strong correlation 

between cell concentration and fluorescence intensity across several orders of magnitude.     

     Fluorescence measurements were done similarly using cultures of Methylocystis spp.  A 

positive correlation between cell density and fluorescence intensity were observed, with R2 

values ranging from >0.90 to >0.98.  Figure 1 shows data for 8 replicates ranging in density from 

2.2 x 105 to 2.2 x 109 cells mL-1.   The lower detection limit was found to be approximately 2 x 

105 cells mL-1 (data not shown), one order of magnitude higher than that found for E. coli.   

 Several trials were carried out using E. coli cultures stained with DAPI.  Some correlation 

was observed between cell density and RFUs, which were uniformly low compared to the RFU 

values obtained with SYBR Green I (Fig. 1).  In addition, the increase in fluorescence was very 

gradual over the range of cell concentrations.  Since several studies report that DAPI is less 

sensitive than other dyes (Martens-Habbena and Sass, 2006; Noble and Fuhrman, 1998; Kepner 

and Pratt 1994), it was decided that no further trials would be conducted using DAPI. 
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 FIG. 1.  Fluorescence of E. coli and Methylocystis spp. stained with SYBR Green I  

 or DAPI.   Log-converted data for 10-fold dilutions (means of 8 replicates) are  

 shown, with RFUs (y-axis) plotted against cell concentration (x-axis). 

         

 Quantification of viral DNA.  Fluorometric measurements were carried out using a λ 

phage DNA standard stained with SYBR Green I.  Trials were done using 10-fold and 2-fold 

dilutions, with fluorescence detected at a lower limit of 0.1 pg mL-1 of DNA.  This is consistent 

with results reported in the literature (Martens-Habbena and Sass, 2006).  Over 8 replicates, R2 

values >0.98 were obtained over 4 orders of magnitude (Fig. 2), showing a strong positive 

correlation between sample concentration and fluorescence.   

 Means of 8 replicates were taken from fluorescence assays using bacterial cultures and 

industrial or environmental samples.  Cell densities were converted to pg of DNA mL-1 using a 

conversion factor of 5 fg, or 0.005 pg, per cell (Martens-Habbena and Sass, 2006).  These values 

were plotted and compared to the standard curve obtained using λ phage DNA (Fig. 3).   
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 FIG. 2.  Fluorescence measurements using known concentrations of λ phage DNA 

 stained with SYBR Green I (log-converted data for means of 8 replicates).  RFUs  

 (y-axis) are plotted against DNA concentration (x-axis). 
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 FIG. 3.  Comparison of fluorescence of bacterial cells with DNA standard curve  

 (log-converted data, means of 8 replicates).  Cells were stained with SYBR  

 Green I.  Cell density mL-1 has been converted to pg mL-1 with 0.005 pg of DNA 

 assumed per cell (Martens-Habbena and Sass, 2006).   
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 Fluorescence values for lab-cultured bacteria were higher than expected, while those for 

environmental species were lower than expected.  The standard curve produced for λ phage DNA 

was compared to that generated for E. coli in order to arrive at a more accurate conversion factor 

for the latter.  Using this method, it was estimated that the fluorescence values corresponded to 

approximately 159 fg or 0.159 pg of DNA per E. coli cell.   

 
 A correlation coefficient was obtained for the same data in order to examine how the two 

variables (fluorescence and presumed cellular DNA content) related to each other overall (data 

not shown).  The result was a coefficient of (+) 1, indicating that in all cases, there was a positive 

correlation between DNA content and fluorescence intensity. 

 
 Environmental water samples.   Preliminary microplate assays with raw environmental 

samples from Tamagawa Pond showed that fluorescence intensity was low, and microscopic 

examination revealed that it was affected by low microbial numbers and by the presence of algal 

cells, which also bound SYBR Green I.  Subsequently, algal cells were removed by preliminary 

low-speed centrifugation, followed by a high-speed centrifugation in order to concentrate 

microbial cells.  It was found that fluorescence intensity did not increase significantly between 1 

hour and 2 hours of incubation; in fact, some values dropped slightly.  After 4-5 hours of 

incubation, some RFU values increased slightly, while others decreased (data not shown).  It was 

decided that in subsequent trials, 1 hour of incubation after staining would be sufficient to obtain 

reliable values without significant loss of fluorescence.   

 A standard curve was generated, in which there was some correlation between cell 

density and fluorescence intensity, with R2 values >0.85 across several orders of magnitude (Fig. 

4).  Below this range, RFU values fluctuated somewhat, resulting in a poor standard curve.  Over 

8 replicates, the lower detection limit was found to be approximately 3 x 105 cells mL-1 (data not 
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shown).   Subsequent assays yielded highly variable results, with little or no fluorescence 

detected despite the presence of stained cells at a concentration of ~2 x 106 mL-1 (confirmed by 

total direct counts).  
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 FIG. 4.  Fluorometric readings done with samples of Tamagawa pond water stained  

 with SYBR Green I in 96-well microplate.  2-fold dilutions were used here.  Cells  

 were concentrated to 100X their original density before they were assayed.  Data  

 points represent the means of eight replicates over approximately two orders of 

 magnitude in cell numbers. 

 

 Industrial water.   Samples of pre- and post-UV treated fresh water were obtained from 

the recirculation system connected to the tropical aquaria in the Dept. of Fisheries and 

Aquaculture, Malaspina University-College.  This water had been filtered previously through 

sand, and preliminary microscopic examination did not reveal the presence of large particulates 

which might interfere with fluorescence.  Samples were prepared, concentrated, stained with 
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SYBR Green I and assayed in a manner similar to that used for environmental samples 

(described above).   

 The results were not as expected.  SYBR Green I produced more fluorescence in treated 

than in untreated water (Fig. 5).  ANOVA analysis resulting in a P-value <0.05 indicated that this 

difference was statistically significant.  Total direct microscopic counts gave similar results, with 

approximately twice the number of fluorescing cells seen in treated water (data not shown). 

 

 

 

 

 

 

  

 

 

 FIG. 5.  Fluorescence measurements using fresh water samples (pre- and post-UV 

 treatment) stained with SYBR Green I.  Microbial cells were concentrated to 100X   

 their original density before staining.  Data represent the means of 8 replicates. 

   
 

 Viability assays.   Initial trials with BacLight were unsuccessful, possibly because of the 

age of the stains and their repeated exposure to freeze/thaw cycles.  RFU values obtained with 

the green-fluorescing dye SYTO-9 did not correlate with the proportion of live bacterial cells.  

Values obtained with red-fluorescing propidium iodide were uniformly low (usually close to 

zero).  It was determined by correspondence with the manufacturer (Molecular Probes, personal 
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communication) that the latter effect is normal, and that propidium iodide quenches green 

fluorescence without itself producing a strong signal.  Subsequent trials with freshly-purchased 

stains gave better results, with an R2 value >0.99 (Fig. 6).  It should be noted that the values 

plotted would normally represent a ratio of RFU528 nm / RFU 645 nm.  Since an average RFU value 

of 1 was obtained at 645 nm, Figure 6 shows only data obtained at 528 nm.  Suspensions stained 

with SYTO-9 alone showed uniformly high fluorescence with similar RFU values, regardless of 

the proportion of live cells present (data not shown).   
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  FIG. 6.  Fluorescence of E. coli live/dead cell suspensions stained with BacLight.   

 Values shown on the y-axis represent green fluorescence measured at 528 nm.   

 Data points represent the means of 3 replicates.  

 

 UV-treated and untreated fresh water were assayed, with aliquots taken from the same 

sample in each case and stained with either SYBR Green I or BacLight.  SYBR Green I showed 

greater sensitivity than BacLight in the detection of microbial cells (Fig. 7).  This confirmed 
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reports that SYBR Green I is more sensitive than other cyanine dyes (Noble and Fuhrman, 1998; 

Martens-Habbena and Sass, 2006).  However, RFU values were higher for treated than for 

untreated water in both cases.  ANOVA analysis yielded a P-value <0.05, indicating that there 

was a statistically significant difference between the means of the groups.    
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  FIG. 7.  Fluorescence measurements using fresh water samples (pre- and post-UV 

 treatment at 150 W) stained with SYBR Green (data from Fig. 5, above) or with 

 BacLight.  Samples were concentrated to 100X their original cell density before  

 staining.  Data represent the means of 8 replicates. 

 

 In order to ascertain whether fluorescence was influenced by the presence of viral 

particles, aliquots of the same samples were filtered at 0.2 μm, stained with SYBR Green I, and 

assayed as described above.  Microscopic examination revealed the presence of many faintly-

fluorescing particles which may have been viral DNA; however, the plate reader did not detect 

any fluorescence (data not shown). 
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DISCUSSION 

      The sensitivity of SYBR Green I has been tested and compared to that of other dyes using 

a variety of methods, including microscopy, flow cytometry, and microplate methods (Tranvik, 

1997; Noble and Fuhrman, 1998; Vitzthum et al., 1999; LeBaron et al., 2001; Martens-Habbena 

and Sass, 2006).  There is general agreement among these sources that SYBR Green I is more 

sensitive in the detection of microbial cells than other nucleic acid stains, such as DAPI or the 

cyanine dye Pico Green.  In this study, trials comparing DAPI and SYBR Green I confirmed that 

the latter is more sensitive, yielding both higher fluorescence measurements and a better 

correlation between fluorescence intensity and cell number.  This result was interesting in view 

of the fact that these two dyes both bind preferentially to A-T rich regions in DNA (Button and 

Robertson, 2001).   

 A strong positive correlation was observed in subsequent trials using purified λ phage 

DNA, suspensions of washed E. coli cells, and cultures of Methylocystis spp. in growth medium.  

The two bacterial species were chosen because of their physiological differences, which would 

have implications for the utility of the assay in studying a wider range of microbial species.  For 

example, E. coli DNA has about 50% G+C content, while Methylocystis spp. has 62-67% G+C 

content (Hanson and Hanson, 1996).  Trials using these bacterial cultures yielded standard 

curves with consistently high R2 values > 0.9, in spite of the physiological dissimilarities 

between the two species.  Lower detection limits for E. coli were close to the literature values, 

while those obtained for Methylocystis spp. were an order of magnitude higher, possibly due to a 

smaller amount of DNA per cell or a higher G+C content in the latter.  This suggested that the 

microplate method could be used successfully in combination with SYBR Green I to estimate 
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microbial biomass in suspensions or cultures containing a wider range of species, by comparing 

their fluorescence to a standard curve obtained using purified DNA.    

 The genomes of known microbial species range from 1-13 Mb in size, on average 

(Martens-Habbena and Sass, 2006).  Therefore, an average of 5 x 10-3 pg of DNA per bacterial 

cell was assumed for environmental and industrial samples, based on a mathematical model 

(Bremer and Dennis, 1996).  This value was used to convert cell numbers to DNA content.  

Based on this estimated DNA content, fluorescence values for lab-cultured bacteria were found 

to be higher than predicted when compared to the standard curve obtained with phage DNA.  It 

was speculated that insufficient aeration during incubation of E. coli cultures may have resulted 

in a slower growth rate and subsequent harvest of cells while still in the log phase of growth, 

instead of the stationary phase.  Therefore, it is possible that what was counted microscopically 

as one cell had actually duplicated its genome, but not yet divided (White, 2007).  The growth 

phase of cultured Methylocystis spp. was similarly hard to predict, since this species is slow-

growing and difficult to culture in the lab.  This might have resulted in an underestimate of 

bacterial cell numbers.  In addition, there may have been some increase in fluorescence due to 

high levels of rRNA in log-phase cells.  However, this would be expected to contribute, at most, 

about a 10% increase in fluorescence (Zipper et al., 2004; Martens-Habbena and Sass, 2006).    

 Estimated DNA content was lower than expected for industrial and environmental 

samples.  There are a number of possible contributing factors.  First, the microbial species 

present in these samples were not characterized, and may have included species whose genome 

sizes and G+C content varied widely.  This is significant because SYBR Green I binds 

preferentially to A-T rich regions in DNA (Zipper et al., 2004).  Second, cell morphology might 

have had an effect.  It has been reported that flat eukaryotic cells stained with SYBR Green I 
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fluoresced more brightly than rounded, clumped cells, either because of more efficient binding of 

the dye to DNA in flat cells, or because of a quenching effect by rounded cells (Myers, 1998).  

Third, the growth phase of these species was unknown, but was unlikely to have been in log 

phase because of cool temperatures at the time of year (January to March) when sampling was 

done.  Finally, some cells may have been “ghosts” whose DNA content had been all or partially 

lost. 

 Some bacterial cells were undoubtedly lost during centrifugation to remove algae and 

protists.  Nonetheless, a reasonably useful standard curve was obtained for pond water samples, 

with an R2 value >0.85 and an average lower detection limit of about 2 x 106 cells mL-1.  This 

method might prove to be useful for monitoring seasonal fluctuations in microbial communities 

in one aquatic ecosystem.  However, it is likely that a unique standard curve would need to be 

generated for each site studied. 

 When a comparison was done between the DNA standard curve and the curve generated 

for E. coli in order to arrive at a conversion factor specific for that culture, an unexpectedly high 

value of 159 fg per cell was obtained.  After taking into account the possibility that cells were in 

log phase, resulting in underestimated cell numbers and rRNA content, the value estimated here 

was still approximately 12-fold higher than expected.  This cannot be explained by 

autofluorescence of cells or media, since positive and negative controls were used and produced 

minimal background fluorescence, confirming what was reported in the literature (Martens-

Habbena and Sass, 2006).   

 There was a general correlation between fluorescence intensity and cell numbers or DNA 

content in bacterial suspensions, cultures, and environmental or industrial samples.  Therefore, 

the microplate assay could be useful for estimating microbial cell numbers or biomass if a 
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standard curve is generated separately for each type of trial.  The curves generated cannot be 

compared easily to each other because of the variation in genome size, G+C content, growth 

phase, and other characteristics of microbial cells found in different environments.   Further 

study is needed to confirm whether individual standard curves can be used to estimate nucleic 

acid content based on a conversion factor; however, total direct counts may be used to correlate 

estimated cell numbers to fluorescence intensity. 

 In assays using industrial water samples stained with SYBR Green I, fluorescence values 

were higher for UV-treated water than for untreated water, contrary to expectations.  This was 

confirmed by total direct counts, in which roughly twice the number of fluorescing cells were 

seen in UV-treated samples.  The same trend was observed in trials using samples stained with 

BacLight.  The latter proved to be less sensitive than SYBR Green I in the detection of 

fluorescence, confirming what has been reported about the greater sensitivity of SYBR Green I 

than other cyanine dyes (LeBaron et al., 1998).  However, BacLight proved to be equally 

ineffective in detecting a change in the metabolic state of UV-treated microbial cells, which was 

contrary to expectations. 

 A number of possible reasons may be proposed for these results:  (i) It is possible that the 

binding efficiency of SYBR Green I and SYTO-9 (both cyanine dyes) was increased, not 

decreased, by UV-induced chromosomal changes, thereby increasing fluorescence after 

treatment.  For example, it is unknown how pyrimidine dimerization affects binding by the dyes.  

(ii) Cell permeability may have been affected by biofilm formation or by cell wall or membrane 

components, such as drug-export systems which exclude dyes and other substances toxic to 

microbial cells (White, 2007).  Disruption of these transport proteins or biofilms by UV 

irradiation might have facilitated binding by the dyes, resulting in an increase in fluorescence.  
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(iii) There may have been other chemical side-reactions taking place.  While culture media or 

buffers typically used to resuspend washed cells are not known to increase fluorescence, 

aromatics or other unidentified compounds in industrial or environmental waters may have had 

this effect (Martens-Habbena and Sass, 2006).  Alternatively, UV irradiation may have caused 

the formation of organic compounds which autofluoresced.  Specific interactions between SYBR 

Green I and UV light may present interesting possibilities for future research.  For example, it 

has been reported that SYBR Green I enhances the mutagenicity of UV irradiation and chemical 

mutagens in E. coli (Ohta et al., 2001).  If such is the case, SYBR Green I in combination with 

UV irradiation might prove to be an effective tool for the study of chromosomal mutations. 

 Neither SYBR Green I nor BacLight proved to be useful in detecting a change in the 

metabolic state in UV-treated cells; therefore, an estimate of the live/dead cell ratio could not be 

made by comparison to a standard curve.  Since cyanine dyes are permeants which bind equally 

to DNA in active and inactive cells, staining by these dyes would only be prevented if the DNA 

had been destroyed, or if the cell membranes had been disrupted to release cell contents.  This 

does not appear to have been the case here, as evidenced by results obtained using BacLight.  

Membrane damage would have allowed propidium iodide to enter the cells and quench green 

fluorescence.   The release of DNA from ruptured cells also would have resulted in decreased 

fluorescence.  RFU values increased after treatment, indicating that cells were killed or 

inactivated without the disruption of their membranes.  Furthermore, it appears that UV 

irradiation did not fragment the DNA, since smaller fragment sizes have been reported to 

correlate with lower fluorescence (Zipper et al., 2004).  This has implications for the utility of 

SYBR Green I, and possibly BacLight, in viability assays using UV-treated samples.  Some 

other antimicrobial treatments do not appear to inhibit the action of the dyes.  For example, 
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SYBR Green I has been substituted for SYTO-9 and used successfully, along with propidium 

iodide, in viability assays with heat-killed and ozone-treated freshwater and marine bacteria 

(Gregori et al., 2001).  In other experiments, BacLight has been used successfully to 

differentially stain UV-treated marine bacteria (Taylor, unpublished data).   Further trials are 

needed to confirm the utility of SYBR Green in viability assays using the microplate method.   

 In conclusion, the microplate assay using SYBR Green I nucleic acid stain proved to be 

relatively fast, simple and economical.  The present study confirmed previously published 

reports of the sensitivity of the dye and the utility of the microplate assay in the estimation of cell 

numbers or biomass in microbial cell suspensions or cultures.   In addition, this is the first 

reported use of the method to analyse raw samples of environmental or industrial water.  The 

microplate assay was found to be useful for estimating cell number or biomass in these samples, 

although under- or overestimates may have occurred because the growth stage was not known.  It 

was necessary to generate a standard curve for each type of sample.  An individual curve was 

compared to a DNA standard curve to arrive at a conversion factor that was specific to that test.  

However, since this resulted in a higher fluorescence value than expected, the accuracy of this 

quantification method was uncertain and must be confirmed by further trials. 

 In the case of environmental samples, preliminary centrifugation was necessary to 

remove large particulates, including eukaryotic cells; however, this did not remove potentially 

interfering chemical compounds.  The utility of SYBR Green I in viability assays remains 

uncertain and may be affected by unidentified side reactions among UV light, the chemistry of 

the dye, the chemistry of the aqueous environment, and the biochemistry of the microbial species 

present.  There is no evidence in the literature that this has been studied; however, it presents 
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interesting possibilities for further research and may lead to the development of new 

applications. 
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