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E¡ectiveness of CSE to counterstain particles and dead bacterial cells with permeabilised membranes: application to viability assessment in waters
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The CSE dye (Chemunex, Maisons-Alfort, France) was combined with an activity marker to improve bacterial activity assessment in natural waters. Its effectiveness to counterstain dead cells with permeabilised membranes was investigated on live and dead cells of a variety of strains from collections or isolated from the natural environment. Cells were killed by heat treatment. For all strains tested, the fluorescent dye showed an intense staining of killed cells having permeabilised membranes while no significant signal was detected when applied to live cells. Furthermore, the CSE dye had no toxicity on viable cells. Then, CSE was combined with the ChemChrome V6 dye (Chemunex) to assess the activity of bacterial cells in different waters. Both fluorescences were analysed simultaneously by solid-phase cytometry. The active cell counts were sometimes lower when both dyes were combined suggesting that CSE was able to counterstain cells having a residual esterase activity and compromised membranes. These cells were subtracted from the active cell counts determined with ChemChrome V6. In most samples, active cell counts were congruent with those determined by the direct viable count method.

Introduction

Determination of the number of active bacteria rather than total counts is of great importance in many areas of microbiology. Unfortunately, it is widely recognised that conventional culture techniques underestimate the fraction of true viable bacterial numbers and that, inversely, total counts showing all bacterium-shaped particles overestimate this fraction [1^5]. Moreover, culture techniques are time-consuming and there is an increasing interest in the development of new, direct, accurate and rapid methods to characterise cellular activity.

Recently, a large spectrum of rapid and direct methods for activity assessment have experienced 0378-1097 / 99 / $20.00 ß 1999 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved. PII: S 0 3 7 8 -1 0 9 7 ( 9 9 ) 0 0 3 6 0 -2 widespread applications [5^8]. In most cases, the dividing capacity of the cells is not demonstrated and the term `activity' is preferred to the term `viability' to describe this active physiological state. Most of these methods combine £uorescent dye technology and cytometry techniques. These techniques, as culturable methods, have advantages and disadvantages, and today, only a few methods can be applied to natural complex communities.

The quanti¢cation of dead cells can be considered an alternative way of viability assessment by comparing total and dead cell counts. The loss of membrane integrity and then the degradation of RNA and DNA are generally recognised as proof of cell death [9^12]. It is often desirable to use a combination of probes to con¢rm de¢nitively that cell death has occurred as judged by the absence of staining by one dye. The dyes which stain dead cells can be used as counterstains to the dyes that rely on cellular activity for £uorescence [START_REF] Naganuma | Di¡erential enumeration of intact and damaged marine plaktonic bacteria based on cell membrane integrity[END_REF][START_REF] Lopez-Amoros | Assessment of E. coli and Salmonella viability and starvation by confocal laser microscopy and £ow cytometry using rhodamine 123, DiBAC4, propidium iodide, and CTC[END_REF]. The CSE dye has been recently developed (Chemunex, Maisons-Alfort, France) to counterstain particles which may produce a background of £uorescence (from £uorescein non-speci¢c binding) and is commonly combined with the ChemChrome V6 viability dye (Chemunex) into a single activity assay. Although it is important to ensure that CSE does not stain living cells, this dye should be of great interest if it was also able to counterstain dead cells with compromised membranes.

The objective of this study was to evaluate the e¡ectiveness of CSE to stain dead-permeabilised cells and to counterstain dead cells when combined with ChemChrome V6 for activity assessment. Heat was used to kill cells prior to CSE staining and comparisons were made with untreated cells of a large variety of bacteria. The double-staining procedure was also applied to complex communities in di¡erent water samples, and for some samples results were compared with those obtained from direct viable counts (DVC) and respiring cell counts.

Materials and methods

Bacterial strains and culture conditions

A variety of bacterial strains from collections and isolated from the Mediterranean sea were used in this study (Table 1). The selected species are those recommended by the European and US Pharmacopoeias for bacterial test validations. Additional species commonly found in marine waters belonging to di¡erent phylogenetic groups were analysed [START_REF] Pukall | High sequence diversity of Alteromonas macleodii-related cloned and cellular 16S rDNA from a Mediterranean seawater mesocosm experiment[END_REF]. Environmental strains were identi¢ed by partial sequence analysis of the 16S rDNA gene (DSM, Braunschweig, Germany) [START_REF] Pukall | High sequence diversity of Alteromonas macleodii-related cloned and cellular 16S rDNA from a Mediterranean seawater mesocosm experiment[END_REF]. Cells were grown to stationary phase in trypticase soy broth (bioMe ¨rieux, Marcy-l'Etoile, France) except marine strains which were grown in marine broth (Difco Laboratories, Detroit, MI, USA). Then, cells were pelleted by centrifugation (5000Ug, 10 min), washed twice with 0.22 Wm ¢ltered and autoclaved physiological water (0.9% NaCl) and natural seawater (for marine strains). All strains were used for testing the CSE staining on both live and heat-permeabilised cells (100³C, 10 min).

Natural samples

Tap water was obtained from our laboratory. Demineralised and puri¢ed waters were obtained from Rho ª ne-Poulenc (Paris, France). Bottled mineral waters were purchased in 1-l plastic bottles. Seawater samples were collected with a Niskin bottle in the Mediterranean sea near Banyuls-sur-Mer (France). Samples were taken at di¡erent depths (3 m and 24 m) and at three di¡erent periods (16 March,[START_REF] Porter | Fluorescent probes and £ow cytometry, new insights into environmental bacteriology[END_REF] May and 23 June). One sample was also taken at 0.5 m depth in the port of Banyuls-sur-Mer. All waters were analysed within 2 h of sampling.

Colony-forming units (CFU)

Samples were serially diluted in autoclaved physiological water or seawater (marine samples) and 100 Wl of each dilution was plated in triplicate on R2A or Marine agar media (Difco). Colonies were counted after 2 weeks of incubation at 25³C.

Cell staining

Total counts of bacteria were determined by SYBR-II staining [START_REF] Lebaron | Comparison of blue nucleic acid dyes for £ow cytometric enumeration of bacteria in aquatic systems[END_REF]. Cells were stained with a 0.5U10 34 concentration of a stock solution (concentration not given by the manufacturer) in the pres-ence of 30 mM potassium citrate, and incubated for 30 min. All incubations were at room temperature in the dark. Cells were analysed by £ow cytometry (see below).

The CSE solution (Chemunex, Maisons-Alfort, France) was ¢lter-sterilised (0.22 Wm pore size ¢lters). After optimisation of staining conditions, 10 Wl of the stock solution (concentration not provided by the manufacturer) was added to 100 Wl of sample containing approximately 10 6 cells per ml and 900 Wl of HEPES bu¡er (10 mM). Cells were allowed to stain in the dark at room temperature for 5 min before they were analysed by £ow cytometry (see below).

Active cells were determined by the ChemChrome V6 assay following the instructions given by the manufacturer (Chemunex). Brie£y, samples were ¢ltered through 25 mm diameter, 0.2 Wm pore size membrane ¢lters. When working with natural waters, 100 Wl of sample and serial dilutions in ¢lter-sterilised water were ¢ltered in order to obtain 30^300 active cells on the ¢lter. Then, 1 ml of CSE solution was ¢ltered to counterstain particles and dead cells (red £uorescence). For labelling active micro-organisms, the membrane was incubated on an absorbent pad (Whatman) soaked with 650 Wl labelling solution containing ChemChrome V6. The non-£uorescent £uorescein derivative is taken up by the cells and cleaved by esterase activity within the cell to give a £uorescent product, £uorescein (green £uorescence). If dead cells with permeabilised membranes have a residual esterase activity, they are labelled with both dyes (£uorescein and CSE) but energy transfer increases the red £uorescence signal by energy transfer from £uorescein to CSE. The ¢lters were incubated on labelling solution for 30 min at 30³C. After labelling, the membranes were individually analysed in the ChemScan system (Chemunex). The analysed membranes were those containing 30^300 detected £uorescent cells prior to microscopic validation.

Active cell counts were also determined by the DVC procedure [START_REF] Joux | Ecological implications of an improved direct viable count method for aquatic bacteria[END_REF]. The method consists of the inhibition of cell division by a mixture of antibiotics and by adding nutrients. After a few hours of incubation, viable cells will be elongated, while non-re- [START_REF] Joux | Ecological implications of an improved direct viable count method for aquatic bacteria[END_REF].

Active cell counts were also determined as the fraction of respiring cells. 5-Cyano-2,3-ditolyl tetrazolium chloride reduction (CTC; Polyscience Europe) was used to identify active respiring cells by the method of Rodriguez et al. [START_REF] Rodriguez | Use of £uorescent redox probe for direct visualization of actively respiring bacteria[END_REF]. CTC was added (5 mM, ¢nal concentration) to 2-ml samples. CTC incubations were performed in the dark at room temperature during 8 h. The fraction of respiring cells was determined as previously described [START_REF] Joux | Ecological implications of an improved direct viable count method for aquatic bacteria[END_REF].

Laser scanning cytometry

Laser scanning cytometry was used to quantify viable cells stained with ChemChrome V6 and counterstained with CSE. The ChemScan laser scanning device (LSD) has been described elsewhere [START_REF] Guillet | Solid-phase cytometry for detection of rare events[END_REF]. The £uorescence emission was collected in the green channel (500^530 nm) for ChemChrome V6 emission and in the red channel (560^585 nm) for CSE emission. The signals were analysed with the MatLabbased software (Matworks, Natick, MA, USA) for comparison with Gaussian curves and discriminated [START_REF] Guillet | Solid-phase cytometry for detection of rare events[END_REF]. The red/green £uorescence ratio was determined for each event and used as a discrimination parameter against £uorescent particles and dead-permeabilised cells stained with CSE (emission in the red channel). At the end of the analysis procedure, all events positively selected after the discrimination process were validated by microscopic examination [START_REF] Guillet | Solid-phase cytometry for detection of rare events[END_REF]. The ChemScan sample holder was transported to a motorised stage mounted on a microscope and driven by the system. Each event was positioned in the ¢eld of the microscope and validated as true positive or false positive.

Flow cytometry

All experiments were performed with a FACS-Calibur £ow cytometer (Becton Dickinson) equipped with an air-cooled laser providing 15 mW at 488 nm and the standard ¢lter setup. All parameters were collected as logarithmic signals. Green £uorescence of SYBR-II-stained cells was collected in the FL1 channel (530 þ 15 nm) and orange-red £uorescence of CSE-labelled cells in the FL2 channel (560 þ 22.5 nm). Cells were enumerated during a ¢xed time (generally 1 min) at a given £ow rate which was calibrated at the beginning and at the end of each analysis session. Yellow-green £uorescent microspheres (0.95 Wm diameter £uorescent size-standard beads; Polysciences Inc., Warrington, PA, USA) were systematically added to each sample as an internal reference for £ow cytometry analysis. This internal standard allows the normalisation of cell £uorescence, which was expressed in bead £uorescence units.

Results and discussion

E¡ectiveness of CSE to label dead cells in cultures

In order to ascertain the sensitivity and applicability of CSE for identifying dead-permeabilised cells, a range of bacterial species were tested as untreated cells from stationary-phase cultures, and heat-¢xed suspensions (dead cells). A bright cellular £uorescence was observed for all strains tested following heat treatment. The £uorescence intensities of heatkilled cells were homogeneous. Examples of typical £uorescence histograms are shown for Escherichia coli (Fig. 1a,c) and Listeria innocua (Fig. 1b,d). For all strains, the e¡ect of heat treatment was a reduction in CFU from approximately 10 8 ml 31 to less than 10 1 ml 31 . The £uorescence intensity of living cells stained with CSE was not detectable or within the background of non-cellular £uorescence. Therefore, for the wide range of species and phylogenetic groups tested, there was a good discrimination between live and dead cells. Although the £uorescence intensity of heat-treated cells stained with CSE show great variations between species (from 0.121 to 1.06, data not shown), the lower value was bright enough to allow a good discrimination of dead cells. These variations are not yet explained because the cellular target sites of the CSE dye are unknown (data not provided by the manufacturer). In all cases, heattreated cells were not labelled with the ChemChrome V6 dye.

E¡ect of CSE on the viability of bacterial cells

As CSE may be used combined with an activity dye, it was important to check that the dye does not a¡ect the growth rate of living cells. It was applied to Salmonella typhimurium, Micrococcus luteus and E. coli strains and the cells were stained using the di¡erent reagents involved in the labelling procedure. In all cases, CSE had no e¡ect on the culturability of the cells (data not shown).

Estimation of dead cells in natural waters

A basic question commonly addressed with the use of physiological probes for activity assessment is to what extent these probes overestimate viable counts by detecting some residual physiological activity within dead cells. Thus, it is often suggested to combine methods to con¢rm the activity or non-activity of a cell [START_REF] Deere | Evaluation of the suitability of bis-(1,3-dibutylbarbituric acid)trimethine oxonol (diBA-C4(3)3), for the £ow cytometric assessment of bacterial viability[END_REF]. In this study, the e¡ectiveness of CSE to counterstain dead-permeabilised cells and particles in natural waters was tested in di¡erent water samples in which active cells were detected based on their esterase activity and membrane integrity (CV6). Active cell counts were also determined from the metabolic synthesis (DVC) and respiring (CTC) activities of individual cells (Table 2).

As expected, the active counts determined with ChemChrome V6 dye combined or not with CSE were higher than or equal to the viable counts determined by cultural techniques (CFU). Higher counts were mainly observed with seawater samples suggest- ing the presence of an important fraction of active but non-culturable cells. In natural waters, the failure of bacteria to form colonies is a widely acknowledged problem when using plate counting procedures [START_REF] Mcfeters | Physiological assessment of bacteria using £uorochromes[END_REF]. It has been clearly demonstrated that higher counts of active bacteria can be found which are demonstrably active when tested using one or more of the speci¢c available tools to detect di¡erent measures of physiological activity [START_REF] Mcfeters | Physiological assessment of bacteria using £uorochromes[END_REF][START_REF] Porter | Fluorescent probes and £ow cytometry, new insights into environmental bacteriology[END_REF][START_REF] Comas | Assessment of the e¡ects of gramicidin, formaldehyde, and surfactants on Escherichia coli by £ow cytometry using nucleic acid and membrane potential dyes[END_REF]. This is a common trend in most aquatic ecosystems, where culturable cells represent less than a few percent of total cell counts while up to 50% of these cells retain physiological activity when assessed by direct methods [START_REF] Karner | Determination of active marine bacterioplankton, a comparison of universal 16S rRNA probes, autoradiography, and nucleoid staining[END_REF].

Furthermore, active cell counts were generally lower when CSE and ChemChrome V6 were combined suggesting that some particles and/or dead bacterial cells were stained with both dyes in the di¡erent waters. These £uorescent events labelled with both dyes were not counted as active cells since they were discriminated by the LSD from cells stained by either ChemChrome V6 (active cells) or CSE (dead cells or particles).

The fraction of active cells determined from the CV6 method in the presence of CSE was generally congruent with the fraction of metabolically active cells determined by the DVC procedure. Inversely, respiring cell counts were sometimes lower than the CV6 and DVC counts. These lower counts may be explained by di¡erent limitations of the CTC method [21^23]. Similarly, the DVC method sometimes underestimates the fraction of active cells when antibiotic-resistant cells are present in the analysed water but this limitation was recently improved by the combination of di¡erent antibiotics used at low concentrations [START_REF] Joux | Ecological implications of an improved direct viable count method for aquatic bacteria[END_REF]. Active cell counts determined from the CTC and DVC methods are sometimes lower than viable counts while more congruent results are often obtained with the esterase activity measurement [START_REF] Lisle | E¡ects of starvation on physiological activity and chlorine disinfection resistance in Escherichia coli O157:H7[END_REF]. In this study, the good agreement observed between the CV6 (combined with CSE) and DVC methods suggests that CSE counterstaining improves the quanti¢cation of active cells when combined with the CV6 dye.

Zweifel and Hagstrom have presented evidence that total bacterial counts in the aquatic environment may include a large fraction of dead cells with damaged membranes and nucleic acids [START_REF] Pinhassi | Dominant marine bacterioplankton species found among colony-forming bacteria[END_REF][START_REF] Zweifel | Total counts of marine bacteria include a large fraction of non-nucleoid-containing bacteria[END_REF]. The presence of dead cells with damaged membranes in starved populations has also been demonstrated by the use of polar compounds (negatively charged oxonol dyes which bind to lipid-rich components) that cannot cross the polarised membrane of live cells [START_REF] Lopez-Amoros | Assessment of E. coli and Salmonella viability and starvation by confocal laser microscopy and £ow cytometry using rhodamine 123, DiBAC4, propidium iodide, and CTC[END_REF][START_REF] Joux | Ecological implications of an improved direct viable count method for aquatic bacteria[END_REF][START_REF] Jepras | Rapid assessment of antibiotic e¡ects on Escherichia coli by bis-(1,3-dibutylbarbituric acid)trimethine oxonol and £ow cytometry[END_REF]. The suitability of these dyes is generally species-dependent, and thus they cannot be applied to complex communities. Moreover, it has Mean values from triplicate samples (S.D.). ND : not determined.

been reported that the loss of membrane polarisation may be reversible [START_REF] Kaprelyants | Quantitative analysis of the physiological heterogeneity within starved cultures of Micrococcus luteus by £ow cytometry and cell sorting[END_REF] suggesting that the loss of membrane integrity may be a better indicator of cellular death since it may occur after loss of membrane polarisation. Cells with compromised membranes within the natural communities tested in this study were probably stained with CSE. Such cells are more likely to occur under stressful conditions such as those encountered in marine waters or induced by the demineralisation process (demineralised waters). Some of these cells may have a remaining esterase activity and would be considered active cells by using single labelling with ChemChrome V6.

Our results show that the combination of CSE with the ChemChrome V6 activity dye may be of great interest to improve the accuracy of active cell counts. The di¡erence between active cell counts obtained with the double-staining procedure and viable counts determined by CFU suggest the presence of cells which are active but not culturable using the media and conditions applied in some of the waters tested. This fraction is much more important within marine communities and was generally con¢rmed by the DVC method. Although the viability of these active cells cannot be addressed by these direct techniques, there is more and more evidence that viable counts determined by cultural techniques may be underestimated, mainly in environments where bacteria are subjected to stressful conditions [START_REF] Bartscht | Evaluation of cell activity and of methods for the cultivation of bacteria from a natural lake community[END_REF].

Of the di¡erent direct methods developed for viability assessment, only a few can be applied to natural complex communities. The CV6/CSE doublestaining procedure o¡ers advantages since it combines a viability dye with a counterstain which stains only dead cells and particles. Moreover, this combined technique can be applied to the detection of rare events by solid-phase cytometry.

Concluding remarks

The bright £uorescence of non-viable cells as induced by heat treatment in this work is su¤ciently great to conclude that the CSE dye should be useful as a counterstain to the dyes that preferentially stain viable cells. The double-staining procedure used in this study was successfully applied to the enumeration of active cells in a variety of natural waters using a discrimination ratio between green and red £uorescence signals. Discrimination of £uorescence signals from both dyes was possible with the laser scanning cytometer which allow a rapid enumeration of active cells and can also be applied to the detection of rare events. This activity assay should now be validated in a wide variety of environments.

Fig. 1 .

 1 Fig. 1. Flow cytometric analyses showing FL1 histograms of live (a and b) and heat-treated (c and d) E. coli (a and c) and L. innocua (b and d) cells stained with CSE.

Table 1

 1 List of bacterial strains used in this study, reference numbers for strains from collection, and phylogenetic a¤liation for environmental strains

	Collection strains	Phylogenetic group	Origina	Number
	Chromobacterium violaceum	L-Proteobacteria	ATCC	12472
	Deleya aquamarina	Q-Proteobacteria	ATCC	27128
	Escherichia coli	Q-Proteobacteria	ATCC	8739
	Pseudomonas aeruginosa	Q-Proteobacteria	ATCC	9027
	Pseudoalteromonas haloplanktis	Q-Proteobacteria	ATCC	14393
	Salmonella typhimurium	Q-Proteobacteria	ATCC	43971
	Vibrio ¢scheri	Q-Proteobacteria	ATCC	7744
	Vibrio proteolyticus	Q-Proteobacteria	ATCC	15338
	Vibrio cholerae	Q-Proteobacteria	ATCC	14035
	Bacillus marinus	Gram-positive (low G+C)	ATCC	29841
	Listeria innocua	Gram-positive (low G+C)	ATCC	33090
	Micrococcus luteus	Gram-positive (high G+C)	ATCC	9341
	Staphylococcus aureus	Gram-positive (low G+C)	ATCC	6538P
	Bacterial isolates from seawater	Nearest phylogenetic neighbour	16S rDNA similarity (%)	
		K-Proteobacteria		
	CH-B422	Ruegeria algicola	99.0	
	CH-B423	Sul¢tobacter pontiacus	99.7	
		Q-Proteobacteria		
	CH-C460	Alteromonas macleodii	95.5	
	CH-B426	Pseudoalteromonas haloplanktis	99.4	

a ATCC : American Type Culture Collection.

Table 2

 2 Bacterial counts of viable cells (CFU) and active cells as determined by the CTC and DVC methods and by the ChemChrome V6 staining procedure with (CV6+CSE) or without (CV63CSE) addition of CSE as a counterstain in di¡erent types of waters

	Sample	CFU (ml 31 )	CV6 (3CSE)	CV6 (+CSE)	Total counts	DVC	CTC
			(viable counts ml 31 )	(viable counts ml 31 )			
	Tap water 1	4.1 (0.4)U10 2	9.1 (0.8)U10 2	8.1 (0.6)U10 2	ND	ND	ND
	Tap water 2	1.5 (0.1)U10 2	2.3 (0.1)U10 2	2.0 (0.2)U10 2	ND	ND	ND
	Puri¢ed water 1	3.4 (0.4)	3 (0.4)	3 (0.4)	ND	ND	ND
	Puri¢ed water 2	17 (5)	72 (2.5)	55 (12)	ND	ND	ND
	Demineralised water 1	4 (1)	6.9 (0.7)U10 2	4.5 (0.7)U10 2	ND	ND	ND
	Demineralised water 2	6 (6)	9 (2.2)U10 2	9 (0.8)U10 2	ND	ND	ND
	Mineral water 1	10.5 (1.2)U10 4 12.6 (3.4)U10 4	9.8 (0.9)U10 4	4.6 (0.1)U10 5 7.4 (2.1)U10 4 7.5 (1.8)U10 4
	Mineral water 2	25.5 (4.0)U10 2 4.6 (1.3)U10 4	3.3 (0.3)U10 4	1.3 (0.1)U10 5 ND	1.1(0.2)U10 3
	Seawater (16-03) -3 m	2.2 (0.1)U10 3	2.8 (0.3)U10 4	1.3 (0.2)U10 4	ND	ND	ND
	Seawater (16-03) -24 m	1.2 (0.2)U10 3	2.5 (0.9)U10 4	7.4 (1.4)U10 3	ND	ND	ND
	Seawater (06-05) -3 m	7.9 (0.3)U10 3	7.0 (2.5)U10 4	5.2 (0.2)U10 4	9.8 (0.1)U10 5 3.0 (0.3)U10 4 4.5 (0.3)U10 4
	Seawater (06-05) -24 m	1.1 (0.1)U10 4	9.7 (0.9)U10 4	7.4 (0.8)U10 4	7.8 (0.1)U10 5 7.4 (0.5)U10 4 6.1 (0.2)U10 4
	Seawater (23-06)33 m	5.5 (0.7)U10 3	4.7 (0.1)U10 4	4.3 (0.5)U10 4	6.7 (0.1)U10 5 4.3 (0.1)U10 4 2.7 (0.2)U10 4
	Seawater (23-06) -port	1.6 (0.1)U10 4	5.9 (1.2)U10 4	3.8 (0.2)U10 4	7.3 (0.1)U10 5 3.9 (0.4)U10 4 2.5 (0.3)U10 4
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