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Stellingen 

Bij het bepalen van de intracellulaire pH (pHin) van micro-organismen met behulp 
van fluorescente probes dient de calibratie van de pHin te worden uitgevoerd door 
meting van de pH-afhankelijke fluorescentie in cellen na equilibratie van de pHin en 
de pHuit en niet door meting van de fluorescentie van de probe in buffer. 

Imai, T, and Ohno, T. 1995. Measurement of yeast intracellular pH by image processing and the change 
it undergoes during growth phase. J. Biotechnol. 38:165-172. 

Dit proefschrift 

To create false color images, true data are required. 

Door de opkomst van steeds sterkere schaakprogramma's wordt de kracht van de 
tegenstander in een correspondentieschaakpartij steeds meer bepaald door de 
kwaliteit van zijn/haar computer. 

De onderzoeksresultaten van McKay et al. (1996) van de NASA over het voorkomen 
van leven op Mars hebben meer waarde voor "fund raising" dan als bewijs dat er 
microbieel leven heeft bestaan op deze planeet. 

McKay et al. 1996. Search for past life on Mars: possible relic biogenic activity in Martian meteorite 
ALH84001. Science 273:924-930. 
Reichhardt, T. 1996. Lacks of Funds for technology could undermine Mars Mission Science. Nature 
382:481. 

Om verwarring met de fluorescente vorm van "fluorescein" te voorkomen is het aan 
te bevelen bij de naamgeving van gereduceerde niet-fluorescente fluorescei'ne 
derivaten het voorvoegsel dihydro (b.v. "dihydrofluorescein") te hanteren in plaats 
van het veel gebruikte "fluorescin". 

Nilsson et al. (1991) zien bij hun bewijs van een "viable but non-culturable state" 
van Vibrio vulnificus over het hoofd dat deze cellen na een eenvoudige resuscitatie 
wel degelijk "culturable" zijn. 

Nilson, L., J.D. Oliver, and S. Kjelleberg. 1991. Resuscitation of Vibrio vulnificus from the viable but 
non-culturable state". J. Bacteriol. 173:5054-5059. 



7. In plaats van drinkwater te importeren vanuit Noorwegen naar Nederland in zakken 
van 100.000 liter via de Noordzee zouden de inspanningen om schoon oppervlakte-
water in Nederland te verkrijgen sterk verhoogd moeten worden. 

De Volkskrant 3 juli 1996. 

Bij levensmiddelen die worden aangeprezen door met wetenschappelijk onderzoek 
onderbouwde gezondheidsclaims dient dit onderzoek volgens het "peer" review 
systeem te zijn beoordeeld. 

9. Het verschil tussen schaatsen en skeeleren is dat skeeleren schaatsen op wieltjes is 
maar schaatsen geen skeeleren op ijzers. 

10. Het onvoorwaardelijk afwijzen van euthanasie is geen keus voor het leven, maar een 
gebrek aan medemenselijkheid. 

Stellingen behorende bij het proefschrift 
'Assessment of Viability of Microorganisms Employing Fluorescence Techniques' 

Pieter Breeuwer 
Wageningen, 18 oktober 1996 
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Abstract 

Abstract 
Viability assessment of microorganisms is relevant for a wide variety of applications in 
industry, including evaluation of inactivation treatments and quality assessment of starter 
cultures for beer, wine, and yoghurt production. 

Usually, the ability of microbial cells to reproduce is considered as the benchmark 
method for determination of cell viability, and this is most commonly determined by the 
plate count method. The time needed to form visible colonies, however, is relatively long. 
Therefore, there is an increasing interest in rapid methods which exploit criteria other than 
reproduction. The advantages of fluorescent methods are a high sensitivity, a high time 
resolution and the potential to analyze individual cells. 

Fluorescent probes such as fluorescein, carboxyfluorescein (cF), and BCECF may be 
incorporated in microorganisms as (non-fluorescent) acetoxymethyl or diacetyl esters. These 
esters are membrane permeable and are cleaved in the cytoplasm by esterases, which results 
in accumulation of the fluorescent form. In Saccharomyces cerevisiae it was found that the 
carrier-mediated efflux of cF was coupled to the energy metabolism. Subsequently, a two-
step procedure was developed, consisting of loading the cells with cF, followed by 
incubation in the presence of glucose. The efflux experiments showed an excellent 
correlation between the viability of S. cerevisiae cells (determined by plate count) and the 
ability to translocate cF. 

The intracellular pH (pHin) is critical for the control of many cellular processes, such as 
DNA transcription, protein synthesis, and enzyme activities. To determine the intracellular 
pH of bacteria a novel method was developed based on the intracellular conjugation of the 
fluorescent probe 5 (and 6-)-carboxyfluorescein succinimidyl ester (cFSE). This cFSE 
method significantly reduced problems due to efflux of fluorescent probe from the cells. 
Moreover, the method was successfully used to determine the intracellular pH in bacteria 
under stress conditions, such as elevated temperatures and the presence of detergents. 

The viability of R. oligosporus sporangiospores was determined microscopically and with 
flow cytometry. Swelling of the sporangiospores was accompanied by an increase of the 
pHin. In the presence of nonanoic acid, a self-inhibitor produced by various fungi, an 
increase of the pHin was prevented and swelling inhibited, suggesting a crucial role of the 
pHin in the germination of the spores. 

The effects of detergents on the viability of Lactobacillus lactis and Bacillus subtilis were 
investigated. Triton X-100 and Lauryl sulfobetaine efficiently inhibited growth at concentra­
tions below the critical micelle concentration. Surprisingly, the application of fluorescence 
techniques showed that Triton X-100 did not permeabilize the cytoplasmic membrane of 
L. lactis. 

In conclusion, fluorescence techniques offer the possibility to study viability of a cell 
population employing microscopy, flow cytometry and image analysis. This may contribute 
to a better understanding of the mechanisms involved in selective survival of microorgan­
isms under different stress conditions. 
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Chapter 1 General introduction 

/ 

General Introduction 

Part of this chapter will be submitted for publication as a review entitled "Assessment of 
viability of microorganisms employing fluorescence techniques", by P. Breeuwer and 
T. Abee. 



Chapter 1 

Introduction 

In October 1678, Antoni van Leeuwenhoek (1632-1723) wrote in his letter to the Royal 
Society of London ".. and I must say, for my part, that no more pleasant sight has ever yet 
come before my eye than these many thousand of living creatures, seen all alive in a little 
drop of water, moving among one another, each creature having its own proper moti­
on:...." (7). Van Leeuwenhoek, who was the first to describe bacteria, equated viability 
with motility. This belief was principally based on his early observations of human semen. 
He saw that those tiny, moving animals with a tail were all motionless after 2 to 3 hours, 
and supposedly dead (65). As it is, however, determination of viability of microorganisms 
turned out to be much more complex. This is nicely illustrated by the almost endless 
vocabulary which exists nowadays to describe the state of microorganisms, which includes 
terms as dead, moribund, starved, dormant, resting, quiescent, viable but non culturable, 
injured, sublethally damaged, inhibited, resuscitable, living, active, vital, etc. Viability 
assessment of microorganisms is crucial for applications such as detection and enumeration 
of food spoilage microorganisms, evaluation of inactivation treatments, quality assessment 
of starter cultures, biodegradation, production of antibiotics, and numerous others. 

Viable cells can be generally defined as those cells which are capable of performing all 
cell functions necessary for survival under given conditions. Survival, in this respect, can 
be defined as the continuing existence of the species. Usually, the ability of cells to 
reproduce is considered as the benchmark method for determination of viability, and this is 
most commonly determined by the plate count method. The time needed to form visible 
colonies, however, is relatively long. On the other hand, microorganisms which do not 
form colonies, because they are dead, sublethally damaged, viable but non-culturable, 
dormant, inactive, etc., are not counted. Significantly, in natural environments such as soil 
or seawater this category of microorganisms is considered to be quite vast (116). Moreover, 
the viable plate count method can be frustrated by clumping, inhibition by neighbouring 
cells and composition of the used growth media (70). Therefore, there is an increasing 
interest in the development of rapid methods for the determination of cell viability. During 
the last decades, several methods have been developed which exploit criteria other than 
reproduction. These include methods based on membrane integrity, presence of membrane 
potential, and respiration. 

This review will focus on the use of fluorescence techniques for the rapid assessment of 
viability of microorganisms. An introduction is presented to fluorescent probes used in 
microbiological research, and to the application of flow cytometry (FCM). Advantages of 
fluorescence techniques are a high sensitivity (i.e. the number of molecules needed for 
detection is relatively low), a high time resolution (approx. 108 sec), and the potential to 
analyze individual cells in combination with such measurement techniques as FCM and 
image analysis. Fluorescent probes are exploited for various applications such as determina-
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tion of intracellular ion concentrations (Ca2+, and H+), membrane potential measurements, 
in-situ hybridization, antibody labelling, and many others. 

Fluorescent probes 

Fluorescence can be defined as the emission of radiation upon molecular transition from the 
electronic excited state (not a triplet state, i.e. phosphorescence) to the ground state 
(Fig. 1). The unique feature of fluorescence is that the emission of radiation occurs at a 
higher wavelength (lower energy) than the wavelength of the incident radiation (excitation), 
which is needed to get the molecule in the excited state. This difference in wavelength is 

Excited state 

Ground state 

Absorption Fluorescence 

Relative 
intensity 

Wavelength 

Fig. 1. Schematic representation of the fluorescence process. 
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known as the Stokes shift. The fluorescence intensity F(\) (in W m"2) is described by the 
equation: 

F(X) = f(d) g{\) <pF 2̂  e U a ) b c 

where f(0) is a geometric factor, g(\) the Quantum efficiency of the detector, $ the 
Quantum efficiency (Quantum Yield) of the fluorescent molecule (all dimensionless), 70 the 
excitation intensity (in W m2), (e(\) the molar absorption coefficient at the absorbing 
wavelength (in m2 mol'), b the optical pathlength (in m), and c the concentration of the 
fluorescent molecule (in mol m"3) (13,16). This equation holds on the assumption that dye-
dye interactions and emission saturation of the fluorescent molecules do not occur (13). The 
Quantum yield is the ratio of the photons emitted through fluorescence to the total number 
of photons absorbed (thus, the maximum value of $ is 1), and is highly dependent on 
environmental conditions. 

The optimal I0 of fluorescent probes is determined by their photostability and excited 
state lifetime (r). Tsien and Waggoner (140) calculated from the e, $, and r of fluorescein 
that the laser power needed for optimal emission intensity is slightly less than 1 mW 
(assuming that triplet state formation is not occurring), which is much lower than usually 
applied. Furthermore, fluorescein can survive about 104 to 105 excited states before 
decomposition, which implies that more than 50 % of the molecules will be damaged in 
less than 1 ms excitation by a 1 mW light source (75,140). This illustrates that increasing 
the 70 does not necessarily increase the fluorescence intensity. 

Currently, a large variety of fluorescent molecules with very different spectroscopic 
properties is available for fluorescent labelling of microorganisms (Table 1). These probes 
exploit different cell properties such as existence of a membrane potential, activity of 
intracellular enzymes, respiratory activity, presence of mitochondria, integrity of the 
cytoplasmic membrane, composition of the cell wall, and presence of DNA and/or RNA to 
label the cells (Fig. 2 and 3). The probes can be arbitrarily classified into the following five 
groups: 
1. Immunoreagents. The list of fluorescent (immuno)labels includes fluorescein isothiocya-
nate (FITC), tetramethylrhodamine isothiocyanate (TRITC), Texas Red, phycobiliproteins 
and the recently developed cyanine dyes such as the indopentamethinecyanines (CY5) 
(40,85,124,140), of which the most frequently used is FITC. This because FITC can be 
excited at the 488 nm line of an argon laser, is easily conjugated to antibodies, lectins and 
other compounds, has a relatively high fluorescence, is water soluble, and has a long record 
of successful use (146). FITC antibodies have been applied for detection of Vibrio 
salmonicida (44), Salmonella spp. (24), Legionella spp. (141), Staphylococcus aureus (25), 
Streptococcus cremoris (46), Listeria monocytogenes (27), Escherichia coli 0157:H7 (106), 
and anaerobic fecal bacteria (143). Porro et al. (101) used FITC conjugated to the lectin 
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concanavalinA for cell surface labelling of Saccharomyces cerevisiae. In general, disadvan­
tages of FITC are its moderate photostability, and its pH dependent fluorescence which is 
significantly decreased at low pH. 

To date, the phycobiliproteins are the most powerful fluorescent labels. These proteins 
are a family of macromolecules found in red algae and cyanobacteria, and their natural 
function is absorption of light energy and its transfer to the photosynthetic pathway 
(89,124). R-phycoerythrin (R-PE), for example, has an extremely high e (1.96 x 105 m2 

mol"1), and a high <i> of 0.68. (140). The phycobiliproteins are almost exclusively used as 
immunofluorescent labels for eucaryotic cells, in particular lymphocytes, although they have 
also been applied in microbiology. In the study by McClelland and Pinder (77), R-PE 
labelled Salmonella typhimurium was discriminated from FITC-labelled Salmonella enteridis 
or Salmonella montevideo by flow cytometry. Porter et al. (102) reported the recovery of 
Escherichia coli from sewage by R-PE labelled antirabbit IgG antibodies in an indirect 
immunoassay (i.e. the antigen of interest is recognized by a primary antibody, which in its 
turn is recognized by the (secondary) fluorescent conjugated antibody). General use of the 
phycobiliproteins is limited by the large size of the molecules (Mw = 240000), which 
makes labelling of small molecules impossible or more difficult (124). 
2. Nucleic acid probes. A large variety of fluorescent DNA/RNA probes are available, but 
it is beyond the scope of this review to discuss each with their possible applications. The 
reader is directed to a number of comprehensive reviews by Latt (63), Arndt-Jovin and 
Jovin (4), Ratinaud et al. (109), Shapiro (124), Petit et al. (96), and Haughland (40). The 
two most commonly used nucleic acid probes for enumeration of microorganisms are 
acridine orange (AO), and 4',6-diamidino-2-phenylindole (DAPI) (58). These probes, 
however, do not differentiate between viable and non-viable cells and are generally used in 
combination with fixatives such as formaldehyde and glutaraldehyde. In food microbiology 
the use of AO in the direct epifluorescent filter technique (DEFT) is well documented, and 
was first described by Pettipher et al. (98) for the enumeration of bacteria in raw milk. The 
interaction of AO with DNA is complex and depends very much on the concentration of the 
dye and whether DNA is double or single stranded (63,124). The absorption maximum of 
AO (bound to DNA) is at 490 nm (approx.) and the fluorescence around 520 run (double-
stranded DNA) or > 600 nm (single-stranded DNA). In 1980, Porter and Feig (104), and 
Coleman (19) were the first to describe the use of DAPI for counting (aquatic) bacteria. 
The advantage of DAPI over AO is the more intense fluorescence, which for example 
allowed detection of marine bacteria containing minute quantities (femtograms) of DNA 
(122). DAPI binds preferentially to the A-T base pairs. The absorption of DAPI bound to 
DNA is in the UV region (360 nm) with fluorescence at 460 nm, giving blue-coloured 
cells. DNA probes with similar properties are the bisbenzimidazoles (better known as 
Hoechst dyes). These Hoechst dyes are cell permeable and do not necessarily require a 
fixation treatment (63,124). Hoechst 33285 and 33324 have been used for enumeration of 
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Table 1. Spectroscopic properties of fluorescent probes used in microbiology". 

Probe" 

Immunoreagents 
R-Phycoerythrin 
FITC 

Nucleic acid probes 
Ethidium bromide 
Propidium iodide 
Acridine orange 

DAPI 
TOTO-1 
PO-PRO-3 

Physiological indicators 
carboxyfluorescein 
BCECF 
Pyranine 
Rhodamine 123 
CTF 
cSNARF-1 
cFSE 
DiOC6(3) 
DiBAC„(3) 
DiSC3(5) 

Enzyme products' 
fluorescein 
4-MU 

Extinction 
coefficient 
(m2 mol')c 

1.96 x 105 

6700 

300-600 
640 
6500 

2700 
11200 
-

8200 
9400 
2100 
8500 

4490 
6800 
15400 
12300 
24000 

9000 
1700 

Quantum 
yield 

0.68 
0.71 

_d 

0.09 

-

-
0.34 
-

-
-
>0.9 
0.9 

0.09 
-
0.05 
-
-

0.9 
-

Absorption 
maximum 

(nm) 

480,570 
490 

370,530 
536 
480 
450 
360 
514 
532 

492 
505 
454 
511 
450 
575 
492 
484 
493 
651 

490 
360 

Emission 
maximum 
(nm) 

578 
520 

622 
623 
520 
640 
460 
533 
562 

514 
530 
513 
534 
570-660g« 
637 
518 
501 
516 
675 

514 
450 

Measurement 
conditions 

pH 7, PBS 
pH 7, PBS 

+ DNA 
+ H20/DNA 
+ H20/ds-DNAe 

+ ss-DNAe 

+ H20/DNA 
+ DNA 
+ H20/DNA 

pH9 
high pH 
high pH 
in ethanol 
crystals 
high pH 
pH9 
in methanol 
in methanol 
in methanol 

pH9 
pH9 

a data extracted from references (40,109,124,133,140,146,148) 
b abbreviations: FITC, fluorescein isothiocyanate; DAPI, 4',6-diamidino-2-phenylindole; TOTO-1, 1,1'-(4,4,7,7-
tetramethyl-4,7-diazaundecamethylene)-bis-4-[3-methyl-2,3-dihydro-(benzo-l,3-thiazole)-2-methylidene]-
quinolinium tetraiodide); PO-PRO-3, 4-[3-methyl-2,3-dihydro-(benzo-l,3-oxazole)-2-methylidene]-l-(3'-
trimethylammoniumpropyl)-pyridinium diiodide ; BCECF, 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein; 
CTF, 3-cyan-l,5-di-tolyl-formazan; Pyranine, 8-hydroxy-l,3,6-pyrene-trisulfonic acid; 4-MU, 7-hydroxy-4-
methylcoumarin; cSNARF-1, carboxy-seminaphtorhodafluor-1 or5-(and 6-) carboxy-10-dimethylamino-3-hydroxy-
spiro[7H-benzo[c]xanthene-7,r(3'//)-isobenzofuran]-3'-one; cFSE, 5-(and-6)-carboxyfluorescein succinimidyl 
ester; DiOC6(3), 3,3-dihexyloxacarbocyanine iodide; DiBAC4(3), bis-(l,3-dibutylbarbituric acid)trimethine oxonol. 
DiS3(5); 3,3'-dipropylthiadicarbocyanine iodide. c for expression in liter mol"' cm"1 multiply values by 10; * -, no 
data available; ' ss-DNA, single stranded DNA; ds-DNA, double-stranded DNA; ' the enzyme substrates are 
normally not fluorescent; « absorption maximum of CTF crystals has not been determined exactly. 



General introduction 

ET-ChainV^V 

H+ 

* * Fig. 2. Targets for fluorescence labelling of bacteria. , fluorescent probe; AAA/ 
covalent binding of fluorescent probe; CM, cytoplasmic membrane; Rb, ribosomes; NR, 
nuclear region; CW, cell wall; ET-Chain, electron transfer chain; ENZ, enzyme activity; 
• - • , fluorescent precursor; ab, antibody; MPP, membrane potential probe 

planktonic bacteria (92). The fluorescence of the phenanthridinium dyes ethidium bromide 
(EB) and propidium iodide (PI) is strongly enhanced upon intercalation between DNA or 
RNA base pairs. EB is well known for its use as DNA stain in gel electrophoresis. PI and 
to a lesser extent EB are excluded by intact cells, but do stain permeable cells. This 
principle can potentially be used to assess cell viability and is discussed in more depth later. 
EB and PI have relatively low extinction coefficients, which complicates their use in cells 
with small quantities of DNA and RNA, such as prokaryotes. Significantly, it has been 
described that PI may stain cell walls of yeast cells, conceivably by interaction of PI with 
chitin (54). Steen et al. (132), and Allman et al. (2) used a combination of EB and 
mithramycin for determination of bacterial DNA content. Mithramycin stains the GC-rich 
region of DNA, and its optimal excitation energy is around 430 nm. EB is used to enhance 
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Fig. 3. Targets for fluorescent labelling of yeasts. , fluorescent probe; AAA/ , covalent 
binding of fluorescent probe; PM, plasma membrane; Rb, ribosomes; NU, nucleus; CW, 
cell wall; Mi; Mitochondrion; Va, Vacuole, ER, endoplasmic reticulum; GC, golgi 
complex; ENZ, enzyme activity; • - • , fluorescent precursor; ab, antibody. 
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the fluorescence by resonance energy transfer. The DNA specific emission energy of 
mithramycin is absorbed by the EB molecules which are close enough for energy transfer to 
occur. Fluorescence from RNA-bound EB is negligible when using this method. Significant­
ly, active extrusion systems for EB have been described in several bacteria including 
L. lactis (6), B. subtilis (86), E. coli (80), and Staphylococcus aureus (120) which may 
interfere with the intracellular DNA labelling of the cells. 

Recently, a group of pyridinium and quinolinium dyes have been synthesized by 
Molecular Probes (40), which have very high extinction coefficients, a high affinity for 
DNA and RNA and a high photostability (40,136). These probes have molecular weights in 
the range of 600 to 1300 dalton, and are excluded by intact cells. Chapter 6 (this thesis) 
describes the effective use of the benzothiazolium-4-quinolinium dimer TOTO-1 to 
demonstrate the permeabilization of Lactococcus lactis by detergents. 
3. Physiological indicators. This is a rather wide group which includes dyes for analysis of 
intracellular pH (pHin), membrane potential, reducing activity and intracellular calcium 
concentration. More general information can be found in the reviews and books by 
Haughland (39), Shapiro (124), Tsien (139), and Manafi et al. (69). 

The fluorescent probes that are applied to determine the pHin in microorganisms include 
carboxyfluorescein [cF] (48), 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein 
[BCECF] (81), 5-(and 6-) carboxy-10-dimethylamino-3-hydroxy-spiro[7//-benzo[c]xanthene-
7,l'(3'fl)-isobenzofuran]-3'-one [cSNARF-1] (42), and Pyranine (95). All these dyes have 
pH sensitive fluorescence spectra. In microorganisms, however, the application of fluores­
cent probes is generally limited by either inefficient uptake of the probes by the cells or, 
following uptake, leakage of probe from the cells. This results in a decreased cell-associa­
ted signal in combination with increased background signal. Currently, the most commonly 
used probe is BCECF. This derivative of fluorescein has a pK, of 6.97 and four to five 
negative charges at physiological pH, which enhances intracellular retention compared to 
fluorescein or cF (39,110). In our laboratory, BCECF was efficiently taken up by Saccha-
romyces cerevisiae, L. lactis and Lactobacillus plantarum, following incubation of cells with 
its non-fluorescent acetoxymethyl ester BCECF-AM (12). The ester form is membrane 
permeable and cleaved in the cytoplasm by esterases to liberate BCECF. Other authors, 
however, have reported insufficient accumulation of BCECF in both bacteria (81) and in 
yeasts (42). The reason for this is not well understood, but it was speculated that it resulted 
from insufficient esterase activity and/or inadequate uptake of BCECF-AM. In E. coli a 
short incubation with EDTA resulted in improved uptake of BCECF-AM (12). Moreover, 
BCECF, fluorescein and cF may be actively extruded from cells by transport systems 
(1,9,82). 

A relatively new probe with excellent absorbance and emission spectra for determination 
of the (intracellular) pH, is cSNARF-1 (40,148). Haworth and co-workers (41,42) were the 
first to apply this probe for determination of pHjn in yeasts. The principal advantage of 
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cSNARF-1 over BCECF in these studies was the superior incorporation of this probe, 
although the incubation time for uptake was relatively long (approx. 3 hours). A possible 
disadvantage with this probe is that excitation at 488 nm and 514 nm (argon-ion laser), 
although possible, is not optimal for maximum emission. cSNARF-1 could be incorporated 
into the cells as its acetoxymethyl ester (cSNARF-1-AM). Moreover, the pIC, of cSNARF-1 
is between 7.4 and 7.6 (depending on the excitation and emission wavelengths), which is 
rather high. This can create problems for measurement of the pHin of acidophilic microor­
ganisms (108). 

Recently, a novel method for determination of pHin in bacteria was developed which was 
based on the intracellular conjugation of the fluorescein derivative 5-(and-6)-carboxyfluores-
cein succinimidyl ester (cFSE) (11). This cFSE method significantly reduced problems due 
to efflux of the fluorescent probe during the measurement. It has been successfully applied 
to determine the pHin in Lactococcus lactis, Bacillus subtilis, Listeria innocua and Escheri­
chia coli. 

The membrane potential in cells can be determined by the distribution of lipophilic ionic 
molecules between the cells and the suspending medium according to the Nernst equation 
(31,38,71,125): 

nF [X] o 

where ASF is the membrane potential (in Volt), R is the gas constant (in J K"1), n is the 
number of electrons per mole, F is the Faraday constant (in C mol1), T is temperature (in 
degrees Kelvin), [X\t is the concentration of the indicator inside the cell (in mol m~3), and 
[X\0 is the concentration outside the cell (in mol m3). The properties of the ideal membrane 
potential probe are discussed by Lolkema (66) and summarized here: (i) the probe should 
pass rapidly the membrane, (ii) it should not bind to the membrane or other constituents, 
(iii) it should be detectable at very low concentrations, and (iv) it should be biologically 
inert. Distributional fluorescent probes applied in microbiology are Rhodamine 123, 
positively charged carbocyanines such as 3,3-dihexyloxacarbocyanine iodide (DiOC6(3)), 
3,3-diethyloxacarbocyanine iodide (DiOC2(3)), and 3,3'-dipropylthiadicarbocyanine iodide 
(DiS3(5), and the negatively charged bis-(l,3-dibutylbarbituric acid)trimethine oxonol 
(DiBAC4(3)) (23,51,55,71,72,73,83,94,97,142,145,154). Rhodamine 123, DiOC6(3) and 
DiBAC4(3) can all be excited by the 488 nm line and emit green fluorescence. Cells which 
have a membrane potential (negative inside) accumulate the cationic rhodamine 123 and 
also cyanines, whereas oxonols are excluded. Significantly, in eucaryotic cells rhodamine 
123 accumulates preferentially in the mitochondria, due to the high membrane potential 
present in this organelle (26,113). Less hydrophobic cyanines are also expected to accumu-

10 



General introduction 

late into mitochondria (94,97). However, a high intramitochondrial carboxycyanine 
concentration may well be toxic to the cells, and the fluorescence is likely to be quenched 
(94,125). In 1984, Matsuyama (76) was the first to demonstrate that also bacteria could be 
stained by Rhodamine 123. Problems associated with lipophilic membrane potential probes 
are the potentially strong binding to cell constituents such as membranes, and formation of 
non-fluorescent aggregates at higher concentrations (31,38,125). To avoid these problems, 
Krasznai et al. (62) developed a calibration procedure based on the assumption that there 
exists a direct relation between the total cell-related fluorescence and the free intracellular 
dye concentration, which is in (nernstian) equilibrium with the extracellular fluorescence. 
Using this procedure, the membrane potential in rat thymocytes and human lymphocytes 
could be measured with the oxonol DiBAC4(3). The obtained results were in good 
agreement with those by the patch clamp method. Significantly, in mammalian cells active 
efflux systems are described which impaired accumulation of lipophilic dyes including 
Rhodamine 123, cyanines and a bis-oxonol (59). At the moment, it is becoming more and 
more apparent that such systems exist also in bacteria, and may thus interfere with 
membrane potential assays (6). 

In 1984, Stellmach (133) described the synthesis of the non-fluorescent redox dye 5-
cyano-2,3-ditolyl tetrazolium chloride (CTC). In his study CTC was used as an alternative 
electron acceptor to prove the existence of redox enzymes in Ehrlich Ascites tumor cells. 
Rodriquez et a l . ( l l l ) demonstrated in 1992 that respiring bacterial cells can reduce CTC to 
the red fluorescent, water-insoluble formazan product 3-cyan-l,5-di-tolyl-formazan (CTF). 
CTF has an absorption peak at 450 nm, and the fluorescence of the crystals is in the red 
region (approx. 570-650 nm), whereas solubilized formazan is non-fluorescent (133). 
4. Enzyme substrates. The general concept for detection of enzyme activities by fluor­
escent probes is (enzymatic) conversion of a non-fluorescent (fluorogenic) substrate to the 
fluorescent product. The substrates are most commonly derived from such fluorescent 
probes as fluorescein and coumarin, in particular 7-hydroxy-4-methylcoumarin (4-methyl-
umbelliferyl or 4-MU) (40,69). Some examples are glucuronidase substrates such as 4-MU-
/3-D-glucuronide, esterase substrates such as fluorescein diacetate (FDA), /3-galactosidase 
substrates such as carboxyfluorescein digalactoside, and substrates such as dihydrofluores-
cein diacetate, which is first converted by esterases to the nonfluorescent dihydrofluorescein 
(fluorescin) and then by peroxidases to fluorescein (40,69,146). Exploitation of these 
substrates in microbiology include detection of E. coli by its /3-glucuronidase activity (69), 
detection of LacZ-positive cells by /3-galactosidase activity (40,88), and detection of viable 
(i.e. esterase containing) cells by the non-specific hydrolysis of fluorescein diacetate. In the 
latter example, various uncharacterized esterases are involved (as discussed in chapter 2 of 
this thesis). 
5. Miscellaneous. Some examples of this group are membrane probes and fluorescently 
labelled hormone receptors. Fluorescent membrane probes include fluorescently labelled 
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phospholipids (such as pyrenedecanoyl phosphocholine), fluorescently labelled fatty acids 
(such as acylaminofluorescein), l-anilinonaphthalene-8-sulfonic acid, lipophilic carbo-
cyanines, 1,6 diphenyl-l,3,5-hexatriene (DPH) and its analog l-(4-trimethylammonium-
phenyl)-6-phenyl-l,3,5-hexatriene (TMA-DPH), and many others (40,146). In general, 
these probes are used only occasionally in microbiology. Exceptions are DPH and TMA-
DPH which have been used to determine the membrane fluidity in various bacteria by 
measuring the anisotropy of the probes (49,126). The polarization of these probes depends 
on the rotational mobility in the membrane. 

Flow cytometry 

Flow cytometry (FCM) is the measurement of physical and/or chemical characteristics of 
(biological) particles while passing in a fluid stream through a measuring apparatus (124). 
The parameters measured by a standard flow cytometer are fluorescence and light scat­
tering, which is very schematically shown in Fig. 4. A flow cytometer essentially consists 
of three systems which will be briefly discussed: 
1. The fluidic system. The fluidic system is comprised of a sample stream surrounded by a 
sheath fluid. The relative velocities of both flow streams are adjusted, such that cells pass 
one by one in a laminar flow past the measuring point. Generally, a flow cytometer can 
measure up to 104 cells/s, although normally they are set at lower cell passage rates. The 
exposure time of the cells to the excitation beam can be calculated from the flow rate and 
the beam geometry. For example when cells with a flow rate of 6 m sec"1 pass an elliptical 
beam with dimensions of 20 x 64 /xm, the exposure time to the excitation beam will be 10 
/is (approx.). The main advantage of the short exposure time is that photofading (photo-
damaging) is generally not a problem in FCM. 
2. The optical system. The optical system essentially consists of an excitation source, 
optical filters and a detector, which is most commonly a photomultiplier (PMT). Common 
excitation sources are a mercury arc lamp or an argon ion laser, which emits at a variety of 
wavelengths including the frequently used 488 nm and 515 nm line. The excitation and 
emission wavelengths are selected by optical filters depending on the application. Light 
scattering can be measured at right angles (side scatter), or low angles (forward scatter). 
Generally, the forward scatter is used as an indication of particle size and the side scatter as 
indication of granularity. Finally, the PMTs convert the optical signals into electrical 
signals. A flow cytometer is normally equipped with a PMT with good responses in the UV 
and green region, and a PMT with a good response in the red region. 
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m i r r o r 
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Fig. 4. Schematic representation of a typical flow cytometer. The sample flow is illumi­
nated by the incident light beam and the passing particles will absorb and scatter this light. 
By use of optical filters the scattered light, green fluorescence and red fluorescence 
emission are simultaneously detected by photomultipliers. PMTs then convert these signals 
into electrical signals, which allows data processing. 
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3. The electronic system. The electrical signals which are received from the PMT are 
normally represented in a histogram where the y-axis represents the number of fluorescent 
particles and the x-axis is divided into "channels" (most commonly 256) relative to the 
fluorescence intensity of the signals. At present, the majority of flow cytometers have a 
built-in logarithmic amplifier. This device produces an output signal proportional to the 
logarithm of the input signal. In this way a wider range of signals can be measured in one 
histogram. 

The ultimate strength of FCM is that it can analyze multiple parameters (scatter, green 
fluorescence, red fluorescence) of a high number of cells, in a very short time. Moreover, 
many flow cytometers have the capability to sort cells with particular characteristics, which 
makes this technique very powerful for detection and isolation of rare events. The most 
obvious disadvantage of FCM is the incapability to analyze the same cells over a longer 
time period. Moreover, the microorganisms need to be suspended in a fluid medium. 
Although FCM for analysis of mammalian cells has found wide application, the use of 
FCM in microbiology is still relatively limited. This is essentially because of the small size 
of most microorganisms. Nevertheless, various applications of FCM in microbiology exist 
(2,32,71,99,103), which range from DNA analysis of marine bacteria to determination of 
the membrane potential in bacteria such as Staphylococcus aureus and E. coli. For 
extensive information about FCM the reader is directed to the excellent book by Shapiro 
(124). 

Viability assessment of microorganisms. 

As mentioned in the introductory paragraph, viability can be defined as the capability of 
performing all cell functions necessary for survival under given conditions. The elementary 
requirements for viable microorganisms to survive are: (i) an intact cytoplasmic (plasma) 
membrane which functions as a barrier between the cytoplasm and the extracellular 
environment, (ii) DNA transcription, and RNA translation, (iii) generation of energy for 
maintenance of cell metabolism, biosynthesis of proteins, nucleic acids, polysaccharides, 
and other cell components, and, eventually, (iv) growth and multiplication. Methods for 
assessment of cell viability are based on these requirements, and summarized in Table 2. In 
the following section various rapid methods will be discussed with particular emphasis on 
their application in microbiology. 
(i) Membrane integrity. The use of biological stains such as methylene blue and Congo 
red for determination of cell viability dates to the beginning of this century (116). These 
dyes are exploited to determine the integrity of the cytoplasmic membrane. The general 
principle is that viable cells which have intact membranes are not stained. In cells with 
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compromised membranes (non-viable cells) the dyes can enter, which results in staining of 
the cells. The use of DNA probes such as PI for assessment of viability is based on the 
same principle. Gant et al. (33) applied PI to analyse the response of E. coli to various 
antibiotics such as gentamycin, ampicillin, ciprofloxacin, etc. Humphreys et al. (47) used 
PI to stain dead cells of Trichomonas vaginalis. Whether or not the criterion of membrane 
integrity (permeability) is a reliable indicator of viability is a matter of controversy. Jepras 
et al. (51) demonstrated that a significant percentage of heat killed E. coli cells was poorly 
stained by propidium iodide, and Lopez-Amoros et al. (67) concluded that the cytoplasmic 
membrane remained intact in starved, non-culturable E. coli and Salmonella typhimurium 
cells, since they were not stained by PI. On the other hand, Votyakova et al. (145) showed 

Table 2. Methods for the assessment of viability of microorganisms. 

criterion method time comments 

reproduction 

membrane integrity 

plate count method 2-5 days high sensitivity 

methylene blue 30 min 
staining, influx 
DNA probes 

dye exclusion tests, i.e. viable cells will 
not be stained 

cell morphology 
(cell elongation) 

inhibition of cell 6 h 
division by nalidixic acid 
or other antibiotics 

only for antibiotic sensitive bacteria, 
microscopical analysis elongated cells. 

respiration reduction tetra- 1-4 h accumulation of insoluble formazan 
zolium dyes products. 

enzyme activity Fluorescein diacetate 30 min 
method (esterase act.) 

fluorescein is accumulated in intact cells 

membrane potential 
(negative inside) 

Rhodamine 123, 1 h 
carboxycyanine dyes, oxonols 

potential dependent distribution of dye 
between cells and extracellular medium 

pH gradient 

presence of ATP 

intracellular pH 1 h 
measurement 

ATP determination 10 min 

viable cells maintain pH gradient 

low sensitivity, indirect method 
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that starved Micrococcus luteus cells were stained with the (impermeable) DNA probe 4-[3-
methyl-2,3-dihydro-(benzo-l,3-oxazole)-2-methylidene]-l-(3'-trimethylammoniumpropyl)-
pyridinium diiodide (PO-PRO-3, molecular weight 605), suggesting that these cells were 
not viable. Significantly, however, more than 50 % of these cells could no longer be 
stained by PO-PRO-3 after resuscitation for 1 day, which apparently allowed recovery of 
the cells. 
(ii) Changes in cell morphology. The application of the 4-quinolone antibiotic nalidixic 
acid (l-ethyl-l,4-dihydro-7-methyl-4-oxo-l,8-naphthyridine-3-carboxylic acid) for determi­
nation of cell viability was proposed by Kogure et al. in 1979 (61). Nalidixic acid, the 
synthesis of which was reported by Lesher et al (64) in 1962, inhibits DNA replication in 
most gram-negative bacteria, thereby preventing cell division (35,36). Other cell functions, 
however, continue to function normally, given that the nalidixic acid concentration is not 
too high. Consequently, viable cells will be elongated and can be recognized and counted 
by microscopy. The addition of nutrients, usually a small amount of yeast extract, is 
generally required (61). This direct viable count (DVC) method has been applied for 
detection of viable Vibrio vulnificus (91,105), estimation of viable counts of several gram-
negative bacteria in an aquatic environment (15,20,28,29,112,115,127,128,129,150), and 
detection of viable bacteria in biofilms (151,152). In general, viable counts determined by 
the DVC method are considerably higher than the corresponding plate counts, which 
implies the existence of viable but nonculturable bacteria. Rollins and Colwell (112) used 
the DVC method to investigate the survival of a Campylobacter jejuni strain (originally 
isolated from a human campylobacteriosis patient) in filter sterilized water. At 37°C a rapid 
transition occurred from the spiral form to the coccoid form accompanied by a decrease of 
the plate count. The DVC method, however, indicated that the majority of the noncultura­
ble coccoid cells were still viable. On the other hand, in a recent study by Hazeleger et al. 
(43) it was demonstrated that coccoid Campylobacter jejuni cells formed at low temperatu­
res (4°C) retained several properties of spiral cells for a long time, while those formed at 
higher temperatures (25°C) show degeneration, and are apparently not viable. Pryer and 
Oliver (105) indicated that in psychrophilic marine Vibrio strain, the DVC method may not 
be reliable because during the stationary phase viable bacteria (as determined by plate 
count) did not respond to the nalidixic acid treatment. The DVC method has several 
practical problems. Elongation of the cells is most commonly judged by eye, and the 
criterium to score cells positive is quite arbitrary. Moreover, the effective concentration of 
the antibiotic depends on the bacterial species, and the minimal incubation time required to 
obtain elongated cells is critical. Some of these constraints may be circumvented by use of 
image analysis techniques, which allows quantitative and objective analysis of cell sizes 
(127,128). Obviously, the DVC method is limited to nalidixic acid-sensitive bacteria. 
Buchrieser and Kaspar (14), therefore, tested several other antibiotics with a similar mode 
of action as nalidixic acid for the enumeration of bacteria in milk. They found strong 
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elongation of a range of bacteria induced by the antibiotics ciprofloxacin and mitomycin C. 
However, in a recent study by Servis et al. (123) ciprofloxacin, and other antibiotics such 
as enoxacin, norfloxacin, and isopropyl cinodine were not very effective, i.e. the maximum 
percentage of enlarged cells of various gram-positive bacteria in the presence of antibiotic 
was always less than 40 %. 
(iii) Enzyme activity. In 1966, Rotman and Papermaster (117) reported the use of 
fluorescein diacetate (FDA), a non-fluorescent precursor (prefluorochrome), which is taken 
up by mammalian cells and cleaved by intracellular enzymes to give the fluorescent product 
fluorescein. The staining by FDA is based on the assumption that only cells which have an 
intact membrane and esterase activity are able to accumulate the fluorescent probe. This 
concept has been applied for the determination of viable fungi in soil (120,131), viable 
bacteria in fresh water (17) and soil (68), Mycobacteria (50), viability of Trichomonas 
vaginalis (47), and yeasts spores (21). Counterstaining with PI (to stain permeabilized cells) 
is frequently applied (52,47,121). The FDA method is, however, easily frustrated due to 
efflux of fluorescent probe to the external environment, which results in a decreased signal 
to noise ratio (10). Leakage of probe to the external environment may be minimized by 
application of fluorescein derivatives such as carboxyfluorescein, calcein and BCECF, 
which are more negatively charged at physiological pH, and are thus less likely to leak 
from the cells. The relation of the FDA method with viability is based on both membrane 
integrity and esterase activity. As discussed earlier, the criterion of membrane integrity is 
controversial, and also the relationship of esterase activity with viability is disputable. 
Previous results indicated that carboxyfluorescein was accumulated in heat killed S. cere-
visiae cells (9), and it has been demonstrated that erythroleucemic cells, killed by the 
pesticide tributyltin, exhibited higher, instead of decreased fluorescence (74). Furthermore, 
fluorescein, cF and BCECF may be extruded by energy-dependent efflux systems, which 
have been found in various bacteria and yeasts (9,12,82). The strength of the FDA method 
is the speed and high, thus readily detectable, fluorescence of stained cells. 
(iv) Respiration. Respiring cells can reduce tetrazolium dyes to their respective formazan 
products. The dyes compete with oxygen as electron acceptor (3,155). One of the most 
commonly used tetrazolium dyes is 2-(p-iodophenyl)-3-p-nitrophenyl)-5-phenyltetrazolium 
chloride (INT). INT has been used for assessment of respiring bacteria in aquatic (34,60, 
87,90,107,135,155), and other environments (30,37,78). In general, cells are examined 
microscopically for intracellular formazan deposits, or the formazan is extracted from the 
cells by e.g. ethanol, and quantified spectrophotometrically. The tetrazolium dye CTC has 
the unique advantage that the formazan product is fluorescent, which enormously enhances 
the sensitivity of the detection. CTC has been used to determine the number of respiring 
Micrococcus luteus, Listeria monocytogenes and Pseudomonas fluorescens in pure cultures 
(8,53,56,57), and respiring bacteria in water (18,106,111,119,129), soil (149), and biofilms 
(22,45,134,152,153). Walsh et al. (147) observed reduction of INT and CTC in an 
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anaerobic culture of a thermophilic sulphate reducing bacteria. Recently, a new tetrazolium 
dye, 3'-{l-[(phenylamino)-carbonyl]-3,4-tetrazolium}-bis(4-methoxy-6-nitro)benzene 
sulfonic acid hydrate (XTT) was synthesized, which has the special property that the 
formazan product is water-soluble (93). XTT was applied by Roslev and King (114) for 
determination of viable respiring bacteria, and by Tellier (137) for testing the susceptibility 
of yeast to various antibiotics, in colorimetric assays based on reduction of XTT. The 
procedure commonly used for tetrazolium reduction assays is incubation of the cells (20 
min to several hours) in the presence of the tetrazolium dye followed by fixation by 
formaldehyde, paraformaldehyde or formalin, and mounting with paraffin oil or immersion 
oil on a microscope slide for examination. Counterstaining with DAPI for determination of 
the total count is commonly performed (8,45,53,111,152,134). Fixation and mounting is, of 
course, not necessary when the cells are measured by FCM (56). Formazan deposition may 
be enhanced by the addition of substrates such as succinate, glucose, and intermediate 
electron carriers such as phenazine methasulfate (37,130,138,144). On the other hand, 
tetrazolium reduction may be reduced by phosphate, at concentrations above lOmM (130). 
Depending on the lipophilicity, some formazan products can diffuse out of the cells and 
form extracellular deposits. This could, in some cases, be suppressed by addition of cobalt 
ions, which supposedly form a complex with the formazan (138). The optimal initial 
concentrations found for CTC and INT were 4-5 mM and 2 mM, respectively (56,111). 
With respect to this, Kaprelyants and Kell (56) suggested that the formazan product does 
inhibit cell respiration at higher concentrations. The relationship of formazan deposition 
(respiration, reducing activity) with viability is not clear-cut. Cells that reduce tetrazolium 
dyes are considered viable, but cells which fail to do so are not necessarily non-viable (5). 
(v) membrane potential. In general, the cytoplasmic membrane potential of microorgan­
isms is determined by the nernstian distribution of small lipophilic charged molecules, such 
as tetraphenylphosphonium (TPP+) ions (66,71), and the earlier mentioned fluorescent 
probes. In S. cerevisiae a good correlation was found between the specific accumulation of 
Rhodamine 123 in mitochondria, determined by FCM, and the respiratory activity of the 
cells (26,100). Kaprelyants and Kell (55) showed that by use of FCM, Micrococcus luteus 
cells could be divided in viable, non-viable, and non-viable but resuscitable cell popula­
tions. McFeters and co-workers used rhodamine 123 to assess the physiological activity of 
bacteria in biofilms (79,152,153). They compared the rhodamine assay with the DVC 
(nalidixic acid) method, CTC reduction, RNA turnover, and plate count method. The plate 
count method gave a significant higher reduction of the viable count (approx. 1 log lower) 
than the other techniques, indicating that culturability is perhaps not very accurate for the 
assessment of disinfection efficacy (79). Morgan et al. (84) observed that Aeromonas salmo-
nicida cells, starved in sterile lake water, became rapidly nonculturable, but could still 
accumulate Rhodamine 123. Recently, the use of the oxonol DiBAC4 has been described for 
determination of membrane potential in S. cerevisae (26), and in bacteria such as Staphylo-
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coccus aureus, Pseudomonas aeruginosa, E. coli, and Salmonella typhimurium (23,51,67). 
In contrast to Rhodamine 123, DiBAC4 is accumulated in cells with dissipated membrane 
potentials. The apparent advantage of DiBAC4 is its simpler application, and prevention of 
compartmentation (in mitochondria) in viable eucaryotic cells including yeast (26,51,71). 
DiBAC4 has been applied to assess the effect of heat treatment, ionophores, and several 
antibiotics on the membrane potential of various bacteria (23,47,72). The cytoplasmic 
membrane potential of bacteria is closely coupled to the energy metabolism of the cell (55). 
However, it is unclear whether or not cells without a membrane potential are necessarily 
non-viable. Moreover, in several gram-negative bacteria the addition of EDTA or EGTA 
(to permeabilize the outer membrane) is necessary to allow proper distribution of the 
membrane potential probes (67,76). Obviously, such treatments may influence cell viability. 
(vi) pH gradient. The maintenance of a pH gradient in microorganisms at conditions where 
the external pH is suboptimal, can potentially be used as an indication of viability. This 
approach is, however, generally hampered by the difficulties in measuring the pHin of 
individual microorganisms, especially bacteria. Recently, a relationship was observed 
between the ability to reproduce and the pHin in Saccharomyces cerevisiae using fluor­
escence staining in combination with image analysis techniques (48). The advantage of such 
a system is that the cells can be analyzed individually. 

Outline of this thesis 

The objective of the present investigation is the development of rapid methods for the 
assessment of viability of microorganisms by fluorescence techniques. This PhD project 
will focus on two different techniques: (i) extrusion of fluorescent probes via energy-
dependent efflux systems, and (ii) determination of intracellular pH exploiting pH-dependent 
(covalently-bound) fluorescent probes. In general, microorganisms are fluorescently labelled 
by the conversion of non-fluorescent prefluorochromes by intracellular enzymes to 
fluorescent probes. For detection of fluorescence, various techniques were used including 
fluorescence microscopy, spectroscopy, and flow cytometry. 

Chapter 2 describes the kinetics of fluorescein and cF accumulation in S. cerevisiae. 
Whether this accumulation is transport limited or enzyme-reaction limited is discussed in 
detail. A mathematical model is developed to describe the influence of uptake, hydrolysis, 
and efflux on the fluorescence staining, and the conditions for optimal staining of yeast cells 
with fluorescein diacetate and carboxyfluorescein diacetate are examined. 

In Chapter 3 the emphasis is on the efflux of cF from S. cerevisiae. Evidence is 
provided that S. cerevisiae extrudes cF in an energy-dependent manner most likely via a 
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secondary transport system. The efflux of cF from the cells is analyzed by FCM. The 
implications of the accumulation and efflux of cF for detection of yeasts and the rapid 
assessment of yeast viability and vitality by use of FCM are discussed. 

The intracellular pH (pHin) is critical for the control of many cellular processes, such as 
DNA transcription, protein synthesis and enzyme activities. Chapter 4 describes a novel 
technique for measuring the intracellular pH of bacteria, based on the intracellular 
conjugation of carboxyfluorescein succinimidyl ester (cFSE). It thus offers the possibility to 
investigate the important physiological response of pHin variations in bacteria, even under 
severe stress conditions such as elevated temperatures, and exposure to detergents. 

In Chapter 5 the viability of R. oligosporus sporangiospores and the mechanism of 
action of nonanoic acid, a self-inhibitor produced by various fungi, were investigated. 
Evidence is presented that swelling and germination of R. oligosporus sporangiospores are 
associated with a pHin increase, and that inhibition of germination by nonanoic acid is 
mediated by the capacity of this substance to dissipate the pH gradient. A model is 
presented which describes the germination of sporangiospores. 

Chapter 6 describes the effect of detergents on the viability of gram-positive bacteria. 
Growth, intracellular ATP concentrations, pHin, cytoplasmic membrane integrity, and other 
metabolic parameters were determined to investigate the effect of Triton X-100 and 
7V-dodecyl-AT,A -̂dimethyl-3-ammoniopropane sulfonate (zwitterion SB 3-12) on L. lactis and 
Bacillus subtilis. 

In the general discussion (Chapter 7) the significance of the energy-dependent efflux of 
cF, and pHin for viability assessment of microorganisms is reviewed. In combination with 
FCM, which provides cell by cell analysis, fluorescence techniques allow a rapid and 
detailed analysis of the number of viable cells in a population. Perspectives for the 
application of such techniques in monitoring various industrial fermentation processes will 
be discussed 
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Abstract 

Flow cytometry is a rapid and sensitive method which may be used for the detection of 
microorganisms in food and drinks. A key requirement for this method is a sufficient 
fluorescence staining of the target cells. The mechanism of staining of the yeast Saccharomyces 
cerevisiae by fluorescein diacetate (FDA) and 5-(and 6-) carboxyfluorescein diacetate (cFDA) 
was studied in detail. The uptake rate of the prefluorochromes increased in direct proportion 
to the concentration and was not saturable, which suggests that transport occurs via a passive 
diffusion process. The permeability coefficient for cFDA was 1.3 x 10"8 m s1. Once inside the 
cell, the esters were hydrolyzed by intracellular esterases and their fluorescent products 
accumulated. FDA hydrolysis (at 40°C) in cell extracts could be described by first order 
reaction kinetics, and a rate constant (K) of 0.33 s1 was calculated. Hydrolysis of cFDA (at 
40 °C) in cell extracts was described by Michaelis-Menten kinetics with an apparent Vmax and 
Km of 12.3 nmol-min'-mg protein' and 0.29 mM, respectively. Accumulation of fluorescein 
was most likely limited by the esterase activity, since transport of FDA was faster than the 
hydrolysis rate. In contrast, accumulation of carboxyfluorescein was limited by the much 
slower transport of cFDA through the cell envelope. A simple mathematical model was 
developed to describe the fluorescence staining. The implications for optimal staining of yeast 
cells with FDA and cFDA were discussed. 

Introduction 

There is an increasing demand in the food industry for rapid microbiological detection 
methods. Amongst other methods, flow cytometry is a relatively new and promising method 
for analysis of the microbial quality of foods. The method is already routinely used for the 
detection of yeasts in fermented milk products and for the detection of bacteria in frozen 
vegetables (9). In combination with fluorescence staining, flow cytometry potentially allows 
rapid and sensitive analysis of individual cells (12,25). 

One of the key factors in flow cytometric detection is the fluorescence labelling of the target 
(microbial) cells (19,29). As outlined by Waggoner (29), the ideal fluorochrome for flow 
cytometry should have a high extinction coefficient, a high quantum yield, and a low excited 
state lifetime. Furthermore, preferably, only viable cells should be fluorescently labelled. 
Fluorescein and fluorescein derivatives are widely used because they can be excited at the 
popular 488 run line of an argon laser, because they have high extinction coefficients and high 
quantum yields (although pH dependent), and because they may be easily loaded into intact, 
esterase containing (viable) cells by incubation with the respective diacetyl esters (28,29). 
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The fluorescence signal of cells loaded with fluorescein or fluorescein derivatives depends 
largely on the intracellular concentration of the probe and the pH. Basically, this concentration 
is the result of uptake and hydrolysis of the nonfluorescent precursor and efflux of the 
fluorescent product. It is generally assumed that nonpolar esterified compounds such as FDA 
diffuse freely into intact cells (4,16,23-25,28), although this has never been verified. However, 
an active uptake mechanism for FDA in erythrocytes, CHO cells and HeLa cells has been 
suggested (22,27). 

After transport into the cells, the prefluorochrome is hydrolyzed into the more polar 
fluorescent products by intracellular esterases. Apparently, most cells, whether mammalian 
cells, yeast cells, or gram-positive or gram-negative bacteria, can hydrolyze FDA or cFDA 
(2,5,21,24). A number of studies on the esterase activity of yeast cells (10,17,18,31,33), which 
indicated that several different activities are present in S. cerevisiae have been carried out. 
However, generally, p-nitrophenyl acetate or naphthyl acetates were used as esterase substrates 
and there is no available information about FDA or cFDA conversion by intracellular esterases 
in yeast cells. The objective of this study was to determine the mechanism and the kinetics of 
membrane transport and intracellular hydrolysis of FDA and cFDA in S. cerevisiae, in order 
to optimize the fluorescence staining for the detection of yeasts in food products by flow 
cytometry. 

Materials and Methods 

Abbreviations. The following abbreviations are used in this report: cF, 5-(and 6-)carboxyfluorescein; 
cFDA, 5-(and 6-)carboxyfluorescein diacetate; CE, cell extract; FDA, fluorescein diacetate. 

Organism and growth conditions. SaccharomycescerevisiaeLl 15 (Chemunex S.A., Maisons-Alfort, 
France) was grown aerobically in Sabouraud broth (Oxoid Ltd., Basingstoke, Hampshire, UK.) at 30°C. 
Cells were harvested by centrirugation (5 min, 1500 x g, at room temperature) at the end of the expo­
nential growth phase at a cell concentration of approx. 3 x 107 per ml of broth (determined with a 
Burker-Turker counting chamber, depth 0.1 mm). 

Uptake of FDA and cFDA. Cells were washed and resuspended in Mcllvaine buffer, pH 7.3 or pH 
4.0, for transport experiments with FDA or cFDA, respectively (Mcllvaine buffer is composed of citric 
acid [100 mM] and disodium hydrogen phosphate dihydrate [200 mM], set to the desired pH). The 
suspension (diluted to approx. 3 x 106 cells per ml) was incubated in a 3 ml fluorescence cuvette (path 
length, 10 mm), stirred, and kept at 40°C in a temperature-stabilized cuvette-holder in a spectrofluoro-
meter (Perkin-Elmer LS 50B, supplied with a pulsed Xenon light source). After 5 min preincubation, 
FDA or cFDA (from a stock solution in acetone) was added at various concentrations and the 
fluorescence was measured continuously for 15 min (excitation and emission wavelengths were 490 and 
515 nm, respectively, with slit widths of 2.5 nm). The uptake rate was calculated from the initial (first 
minute) fluorescence increase and was expressed in mmol-m"3-s"' or nmol-mnr'-mg of protein'. The 
approximations used for the intracellular volume (VQ and the membrane surface (5) were 70 jun3 and 85 
/im2, respectively (30). 
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Flow cytometric analysis. Analysis of the fluorescence intensity of individual cells was performed 
by flow cytometry. The washed S. cerevisiae suspension was resuspended in Mcllvaine buffer pH 4.0, 
incubated for 10 min at 40°C with various cFDA concentrations, and cooled in ice for a minimum of 
10 min. The suspension was diluted 300 times and analyzed in duplicate with the flow cytometer 
(ChemFlow cytometer, Chemunex S.A., France) as described previously (3). 

Preparation of cell extract. Washed cells were resuspended in Mcllvaine buffer pH 7.3, and passed 
5 times through a French press (American Instrument Co., Inc., USA) at a pressure of 2.1 x 104 kPa. 
Remaining whole cells and cell debris were removed by centrifugation (5 min, 3000 x g, at room 
temperature). The CE was kept on ice until further use. 

Enzyme assays. CE was preincubated at 40°C (unless indicated otherwise) for 3 min in Mcllvaine 
buffer pH 7.3. Subsequently, FDA or cFDA was added to various final concentrations and incubated for 
20 min at 40°C. After 5, 10, 15, and 20 min, samples (0.5 ml in duplicate) were transferred to 
Eppendorf tubes which contained 0.5 ml of ice-cold buffer and centrifuged immediately (90 s, 
14000 x g). The At*, of the supernatant was measured in a Beckman DU 64 spectrophotometer (Beckman 
Instruments Co., USA). All data were corrected for nonenzymatic (chemical) hydrolysis by incubation 
of FDA or cFDA under the same conditions but in the absence of enzyme. 

Enzymatic hydrolysis of cFDA in S. cerevisiae at various stages of growth. S. cerevisiae was 
inoculated (at approx. 5 x 105 cells per ml) in Sabouraud broth and growth at 30CC was followed for 
20 h. The number of CFU (determined by pour plates with yeast extract glucose agar after appropriate 
dilution in NaCl [8.5 g/1] with neutralized bacteriological peptone [1 g/1] [Oxoid Ltd., Basingstoke]), 
protein content (mg of protein-mr1), and enzyme activity (nmol-muv'-mg protein"1) were determined 
(all in duplicate) at 2 h intervals. For determination of enzyme activity, 1.5 ml of the cell suspension was 
permeabilized with 0.1% Triton X-100 and immediately frozen at -20°C (14). After thawing, the samples 
were preincubated for 3 min at 40°C before cFDA (50 pM) was added. After incubation, cells were 
removed by centrifugation and the supernatant was measured in the spectrophotometer as described 
above. The incubation time varied between 20 and 60 min, depending on the growth phase. 

Efflux of fluorescent product. The efflux rates of fluorescein and cF at 40 °C in Mcllvaine buffer 
pH 7.3, and pH 4.0, respectively, were determined in the absence of glucose as described previously (3). 

Determination of cell protein content. The protein content was determined according to the method 
of Lowry et al. (11), using bovine serum albumin as a standard. 

Results 

FDA and cFDA accumulation in S. cerevisiae cells. Cells were incubated in the presence 
of increasing concentrations of FDA or cFDA, and the initial rate of fluorescent product 
formation was determined. 

(i) FDA. The rate of fluorescein formation was determined as a function of the initial FDA 
concentration (Fig. 1A). At concentrations below the maximum solubility of FDA in water 
(approx. 10 /xM), this relationship was linear. At higher concentrations the increase of the 
formation rate saturated rapidly, which was most likely caused by precipitation of FDA, 
resulting in lower concentrations of free FDA. 
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FIG. 1. S. cerevisiae LI 15 cells were incubated at 40°C in the presence of increasing concentrations of 
FDA (A) and cFDA (B), and the initial rates of fluorescein (F) and cF formation, respectively, were 
determined. The dashed line indicates the maximal solubility of FDA in H20 (= 10 /iM). (The correlation 
coefficient for the fitted line in B was 0.982) 

(ii) cFDA. The rate of cF formation increased linearly with the initial cFDA concentration 
(Fig. IB). The fluorescence intensity of S. cerevisiae cells was additionally determined with 
a flow cytometer. The mean fluorescence intensity (the channel on the x axis is a log value, 
since a logarithmic amplifier was used) of stained cells after 10 min incubation with the 
nonfluorescent precursor was also linearly related to the log of the initial cFDA concentration 
(Fig. 2). 

Assuming that the transported FDA and cFDA are converted directly to their respective 
fluorescent products (infinite reaction rate), permeability coefficients (Pd) for FDA and cFDA 
of2.8x 10"7 and 1.3 x lO'm-s1 , respectively, could be calculated using Fick's law for simple 
diffusion. 

Determination of enzyme activity. The enzymatic hydrolysis of FDA and cFDA in CE 
from S. cerevisiae was characterized. 

(i) Enzyme kinetics. CE (0.52 mg of protein per ml) was incubated in the presence of 
various concentrations of FDA or cFDA, and the hydrolysis rate was determined at various 
times as a function of the prefluorochrome concentration (Fig. 3). As noticed earlier, FDA is 
only poorly soluble in water: hence, saturation of the hydrolysis rate was not necessarily a 
result of enzyme saturation. Consequently, hydrolysis of FDA could not be described by 
Michaelis-Menten kinetics. However, hydrolysis of soluble FDA could be described by first 
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FIG. 2. Histograms of a S. cerevisiae population (approximately 10,000 cells) incubated for 10 min at 
40°C in the presence of increasing concentrations of cFDA. cFDA concentrations: 11 /iM (a), 22 jtM 
(b), 43 nM (c), 54 /xM (d), 72 /iM. (e), 109 ^M (f), and 217 pM (g). The fluorescence intensities were 
determined with a flow cytometer. Because a logarithmic amplifier was used, the channels on the x axis 
are a log function of the fluorescence intensity. The inset shows the mean channel of the cell population 
calculated from the histograms as a function of the log of the cFDA concentration. 
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FIG. 3. Kinetics of FDA (A) and cFDA (B) hydrolysis at 40°C in CE from S. cerevisiae LI 15. The 
dashed line indicates the maximum solubility of FDA in water ( = 10 fiM). 

order reaction kinetics, and a hydrolysis coefficient of 1.5 x 10"3 s"1 was calculated. The data 
for the cFDA hydrolysis were analyzed by means of a Hanes-Woolf plot (6), and an apparent 
Km of 0.29 mM and a Vmax of 12.3 nmol-min'-nig of protein1 were determined. 

(ii) Temperature and pH optimum. CE was incubated at different temperatures and pH 
values and esterase activities were determined. At elevated temperatures (>50°C) the enzyme 
activity (in /xmol liter1 miir1) significantly decreased during the incubation, most likely because 
of denaturation (data not shown). After 25 min the activity was the highest, at approx. 50°C 
(Fig. 4). The optimum pH for enzymatic hydrolysis of FDA and cFDA in Mcllvaine buffer 
at 40°C was approx. 7 for both substrates (Fig. 4B). 

(iii) Hydrolysis of cFDA at various stages of growth of S. cerevisiae. The esterase activity 
in S. cerevisiae was determined during various stages of growth in Sabouraud broth by 
measuring the hydrolysis of cFDA in permeabilized cells. The esterase activity was approx. 
1.5 nmol-min1-nig protein"1 and remained constant during growth (Fig. 5). 

Efflux of fluorescent product: The efflux rate at 40°C of fluorescein was linear with the 
intracellular concentration (up to 0.5 mM), and a first-order rate constant, Ke, of 3.17 x 10"4 

s"1 was determined. The efflux of cF saturated at high internal concentrations and obeyed 
Michaelis-Menten kinetics. At 40°C, a Km 

nmol-min1-nig of protein1 were determined. 
of 0.34 mM and a Vmax of approx. 0.7 
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FIG. 4. Hydrolysis of FDA and cFDA in CE from S. cerevisiae LI 15 as a function of the temperature 
and pH. CE was incubated in the presence of FDA (15 /tM) ( • ) or cFDA (50 pM) (A). (A) Samples 
were taken after 25 minutes incubation at pH 7.3. Maximum enzyme activities (100 % values) were 0.44 
and 1.21 /tmol liter' min"' for FDA and cFDA, respectively. (B) Samples were taken after 25 minutes 
incubation at 40°C Maximum enzyme activities (100% values) were 0.43 and 1.20 jtmol liter ' min"1 for 
FDA and cFDA, respectively. 
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FIG. 5. Esterase activity of S. cerevisiae during various stages of growth. Cells were grown at 30CC in 
Sabouraud broth. CFU ( • ) and the specific esterase activity (A) with cFDA (50 fiM) were determined 
at 2-h intervals. For determination of the enzyme activity cells were permeabilized with Triton X-100 
as described in Materials and Methods. 
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Modelling of transport and enzyme kinetics. The kinetics of FDA and cFDA transport and 
conversion were described in a model analogous to the model developed by Wittrup and Bailey 
(32) for the transport and hydrolysis of Resorufin-B-D-galactopyranoside. The change in the 
extracellular substrate (S„) and the intracellular substrate concentration (5,) are described in 
equations 1 and 2, respectively. 

- ds° = k, (S0 - Sl) • - £ (1) 
dt * ° 1 V0 

dS-
± = k± (S0 - Sd) - Rh (2A) dt 

with Rh = Vmlenz] Si (25) 
Km[enz] + &i 

In equation 3 the change of fluorescent product is described. 

d P - J? - V*leffl P ,-,) 
~dt ~ Rh Km[em + P

 ( 3 ) 

5, and S„ are measured in mol m"3, respectively, t is the time (in seconds), kt is the transport 
coefficient (per second), Vt and V„ are the intracellular and extracellular volumes (in m3), 
respectively, Rh is the hydrolysis rate (in mol s ' m"3), Vm (in mol s ' m"3) and Km (in mol m3) 
are the Michaelis-Menten kinetic parameters of the esterase activity ([enz]) and the efflux ([e(f]), 
respectively, and P is the intracellular fluorescent product concentration (in mol m3). 

For the model, the following assumptions were made: (i) the enzymatic hydrolysis of cFDA 
can be described by Michaelis-Menten kinetics (equation 2B), (ii) the transport through the cell 
envelope is a simple diffusion process, (iii) the cytoplasmic concentrations are spatially 
homogeneous and (iv) the efflux of fluorescent product is an energy-dependent carrier-mediated 
extrusion process (3), which can be described by Michaelis-Menten kinetics (equation 3). 

It was not possible to determine Michaelis-Menten parameters for both the enzymatic 
hydrolysis of FDA and subsequent efflux of fluorescein. However, at low concentrations the 
reactions can be described by first order kinetics. Consequently, the hydrolysis term Rh in 
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equation 2A is Kh-Sh with Kh (per second) being the first order reaction rate constant for 
intracellular FDA hydrolysis, and the efflux term in equation 3 was replaced by Ke-P, with 
Ke the first order rate constant for fluorescein efflux. 

Equation 1,2, and 3 may be solved numerically by using the definition of the derivative: 

dX = l i m X ( t + A t ) - X(t) 
dt Atio A t 

(4: 

resulting in 

X(t + A t ) « X(t) + A t • - ^ (5) 
d t 

With a small enough At, this equation can be iteratively used (Euler forwards [20]) to estimate 
the substrate and product concentration against time. 

The parameters for the transport (k,), enzyme reaction Ov^, K^^ or K^ and efflux were 
experimentally determined independently (see above); for FDA and cFDA a k, of 0.83 and 
0.034 s"\ respectively, were derived from the calculated Pd value (it was assumed that the 
width of the cell envelope was 400 nm [22]). When equations 1, 2, and 5 are combined, the 
intracellular substrate concentration can be calculated as a function of time. For example, when 
the added extracellular cFDA concentration (S0 at t=0 s) is 100 /*M, the calculated maximum 
intracellular cFDA concentration during incubation is about 35 pM. 

The solid line in Fig. 6A shows the cF concentration after 3 min as a function of the 
extracellular prefluorochrome concentration, whereas the symbols represent the measured data. 
The model almost perfectly described the obtained data. It should be noted that all parameters 
were taken from independent experiments. The intracellular cFDA concentration and the 
accumulation in the ideal situation (i.e., infinite transport rate of cFDA and no efflux of cF) 
were calculated as well (Fig. 6B). From this it can be concluded that both uptake of cFDA and 
efflux of cF are of eminent importance. These results suggest that the described model can be 
used to predict intracellular concentrations of the fluorescent products and also to predict 
whether the formation is transport (uptake) or enzyme limited. 

Discussion 

This paper describes the kinetics of fluorescein and cF accumulation in S. cerevisiae. Yeast 
cells may be loaded with fluorescein or cF by incubation with FDA or cFDA, respectively. 
Principally, accumulation of the fluorescent probes in intact S. cerevisiae cells is either 
transport limited or enzyme limited. With cFDA, the fluorescence increase rate in whole cells 
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FIG. 6. Modelling of the intracellular cF concentration (P,). The P, after incubation at 40°C is shown 
as a function of the initial cFDA concentration after 3 min (A) and as a function of time at an initial 
cFDA concentration of 0.054 mM (B). The symbols represent the determined data. The solid lines were 
calculated with equation 3. The kt, ATmfenz] and K^cf(], VHml] and V^m were 0.034 s"\ 0.29 and 0.34 mM, 
and 0.023 and 1.17 x 10"3 mol s"1 nr3, respectively (for the determination of the parameters, see Results). 
The dashed lines represent the intracellular cFDA concentration ( ), and the intracellular 
cF concentration (P{) at an infinite transport rate of cFDA and no efflux of cF ( ). The bar on the 
right y axis indicates the initial cFDA concentration. 

was linear with the cFDA concentration and the process could not be described by Michaelis-
Menten kinetics. The cFDA transport rate was not saturated at high concentrations (up to 0.48 
mM), suggesting that uptake was a simple diffusion process. 

According to the described model, the rate of cF accumulation becomes enzyme limited at 
very high cFDA concentrations (approx 0.4 mM). Furthermore, if the accumulation of cFDA 
were not transport limited, the product increase rate would be expected to be significantly 
higher than the experimental data (in this situation 5, may be substituted by S0 in equation 3 
to calculate the product increase rate). These considerations have led us to the conclusion that 
under normal conditions (i.e., cFDA concentration in the /JM range), the rate of cF formation 
is most likely transport limited. 

For FDA the situation was much more complicated because of its low solubility, which 
made it impossible to demonstrate whether or not the uptake process was linear at higher 
concentrations. For the same reason it was not possible to correctly determine Michaelis-
Menten parameters of the hydrolysis. Furthermore, in whole cells, uptake and subsequent 
hydrolysis of FDA was slightly faster than the hydrolysis rate determined in CE. This 
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inconsistency is most likely due to some loss of esterase activity after preparation of CFE. 
Uptake, hydrolysis, and efflux could be described by a mathematic model, as described in the 
Results. However, the preliminary assumption that all transported FDA was immediately 
hydrolyzed is probably incorrect. Consequently the permeability coefficient of FDA might be 
underestimated. In conclusion, the data describing uptake and hydrolysis of FDA were not 
adequate to draw a reliable conclusion about the uptake mechanism and kinetics of hydrolysis. 
However, the results suggest that fluorescein formation (in contrast to cF) is most likely limited 
by the hydrolysis rate. 

For flow cytometric detection of microorganisms in foods the two most important parameters 
are the fluorescence intensity of the cells and the background noise (together represented by 
the signal to noise ratio). The final fluorescence intensity of the yeast cells will depend 
principally on the following factors: (i) the intracellular concentration of the fluorescent 
product, which depends on the uptake of the prefluorochrome, esterase activity, and the efflux 
of the fluorescent product, and (ii) the intracellular pH (pHin). 

The points mentioned and other factors which determine the fluorescence staining of yeast 
cells are discussed briefly below: 
(i). Uptake of pre-fluorochrome. Since transport most likely occurs via passive diffusion, a 
higher uptake rate through the cell envelope can be accomplished by a higher prefluorochrome 
concentration. Indeed, this was true for cFDA. This is not possible with FDA because of its 
low solubility. Uptake of FDA and cFDA by cells might be decreased by active extrusion from 
the plasma membrane. Recently, Homolya et al. (7) reported that several ester derivatives were 
extruded from the plasma membrane by the human multidrug transporter (MDR1 or 
P-glycoprotein) which was expressed in mouse fibroblasts. The MDR type of transporter has 
also been described in yeasts (1,8). We did not, however, observe a difference in the 
development of fluorescence in S. cerevisiae cells in the presence of reserpine or verapamil, 
which are potent inhibitors of MDR transport systems (data not shown), indicating that FDA 
and cFDA were not actively extruded from the plasma membrane to the extracellular space by 
MDR-like systems. 
(ii). Temperature. Uptake (29,32), esterase activity (see above), and efflux (3), are influenced 
by the temperature. Consequently, determination of the optimum temperature is critical for 
fluorescence staining. 
(iii). Esterase activity. The optimum pH and temperature indicate that the esterase activity is 
close to its maximal value at the staining conditions we used (30 to 40 °C and an intracellular 
pH of about 7). The maximal hydrolysis rates for FDA and cFDA were about 2 and 12 
nmol-min'-mg of protein1, respectively, taking into account that the FDA hydrolysis rate 
was probably limited by the low solubility of FDA. These values are of the same order as the 
activity determined for the crude homogenate of Ehrlich ascites (approx. 7.5 nmol-min'-mg 
of protein"1, measured at pH 7.4 with FDA [10 /xM] as substrate [28]). Information about the 
esterase activity during growth of yeast cells is limited. Values of approx. 13 and 3 
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nmol-min'-mg"1 of dry weight for low- and high-density S. cerevisiae cultures, respectively 
were reported with 1-naphthyl acetate (31). We have shown that the esterase activity remained 
essentially constant during growth of S. cerevisiae. 
(iv). pH,n. The pHin is very important, principally because the fluorescence of fluorescein and 
cF is highly pH dependent (13), but also because pHin affects the enzyme activity (see above) 
and can influence passive efflux, as the pHin influences protonation of fluorescein and cF (28). 
The pHin can be augmented by addition of an energy source (26), but this will also increase 
the (energy-dependent) efflux of FDA and cFDA (3), resulting in decreased fluorescence 
staining. Increase of the buffer pH to raise the pHin is frustrated by chemical hydrolysis of 
FDA and cFDA in an alkaline environment. 
(v). Efflux. Efflux of fluorescent probes in 5. cerevisiae occurs most likely via an energy-
dependent, carrier-mediated transport mechanism (3). The efflux rate (see above) is 
significantly lower than the rate of uptake and the rate of hydrolysis of the esterified 
compound, but it is not a negligible factor. In order to prevent efflux of fluorescent compounds 
in cells, the presence of fermentable sugars should be avoided. Alternatively, the cells can be 
deenergized with e.g. benzoic acid, dinitrophenol, and diethylstilbestrol (2). However, under 
the conditions used to load the cells with cFDA, these compounds will decrease the pHin, 
resulting in a reduced fluorescence intensity. 
(vi). Fluorescent quenching. When the intracellular concentrations of Fluorescein and cF are 
too elevated, quenching occurs (29). In liposomes, quenching of 6-carboxyfluorescein was 
observed at concentrations above 2 mM (4). To obtain optimal signal to noise ratios, relatively 
high intracellular cF concentrations (in the millimolar range) are needed. Further increase of 
the cF concentration to improve staining is likely to be limited by quenching. 

In conclusion, we have shown that the staining of microorganisms is a very complex process 
which depends on several parameters that are often interdependent. Therefore, a good 
understanding of the staining mechanism and subsequent optimization of the prefluorochrome 
concentration, pH, temperature, etc., is essential to obtain a sufficient staining of 
microorganisms. The results suggest that improved staining of yeast cells can be obtained most 
easily by increasing the prefluorochrome concentration and optimizing the temperature of 
incubation. In this respect, the mathematic model might be helpful to predict the influence of 
the various parameters (see above) on the intracellular fluorescent compound concentration. 
Finally, this should allow a better detection of yeasts in foods by flow cytometry. 
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Abstract 

Carboxyfluorescein diacetate is a non-fluorescent compound which can be used in combination 
with flow cytometry for vital staining of yeasts and bacteria. The basis of this method is the 
assumption that, once inside the cell, carboxyfluorescein diacetate is hydrolyzed by non-specific 
esterases to produce the fluorescent carboxyfluorescein (cF). cF is retained by cells with intact 
membranes (viable cells) and lost by cells with damaged membranes. In this report, we show 
that Saccharomyces cerevisiae extrudes cF in an energy-dependent manner. This efflux was 
studied in detail, and several indications that a transport system is involved were found. Efflux 
of cF was stimulated by the addition of glucose and displayed Michaelis-Menten kinetics. A 
Km for cF transport of 0.25 mM could be determined. The transport of cF was inhibited by 
the plasma membrane H+-ATPase inhibitors A ,̂AT-dicyclohexyl-carbodiimide and 
diethylstilbestrol and by high concentrations of tetraphenylphosphonium ions. These treatments 
resulted in a dissipation of the proton motive force, whereas the intracellular ATP 
concentration remained high. Transport of cF is therefore most probably driven by the 
membrane potential and/or the pH gradient. The viability of S. cerevisiae was determined by 
a two-step procedure consisting of loading the cells with cF followed by incubation at 40 °C 
in the presence of glucose. Subsequently, the fluorescence intensity of the cells was analyzed 
by flow cytometry. The efflux experiments showed an excellent correlation between the 
viability of S. cerevisiae cells and the ability to translocate cF. This method should prove of 
general utility for the rapid assessment of yeast vitality and viability. 

Introduction 

Traditional enumeration of viable micro-organisms by the plate count method takes several 
days. Hence, there is an interest in developing more rapid methods. In 1966, Rotman and 
Papermaster (20) reported the use of non-fluorescent precursor molecules which were taken 
up by mammalian cells and cleaved by intracellular enzymes to give a fluorescent product. This 
staining by fluorescein diacetate or related compounds is principally based on the assumption 
that only cells which have an intact plasma membrane are able to accumulate the fluorescent 
probe. Subsequently this concept has been used by several others for the determination of 
viable micro-organisms, yeasts, lymphocytes and other eucaryotic cells (4-7,26,28). The 
fluorescence intensity of the individual cells can be measured by flow cytometry. 

As clearly outlined by Shapiro (23), the criterion of membrane integrity for viability is only 
limited. The distinction between stained cells (which are considered viable) and cells which are 
not stained (considered non-viable) is not absolute. Cells which have lost the ability to 
reproduce but still have an intact membrane are nevertheless stained. In addition, the efflux 
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of probe may frustrate the fluorescent viability staining resulting in a decrease or loss of signal 
in viable cells. This excretion may be an energy-dependent process, as was shown for efflux 
of fluorescein and fluorescein derivatives in Lactococcus lactis, Hela cells and epithelial cells 
(1,15,16,18). 

At present, no satisfactory rapid method for the determination of yeast viability (defined as 
the ability of the yeast cell to reproduce) exists. The methylene blue exclusion test is used most 
often but has the disadvantage that it overestimates the viability (5). The use of intracellular 
glycogen or trehalose contents as an indication of viability is also limited since no unique 
correlation between the intracellular content of these compounds and the viability was found 
(25). 

In this paper, we provide evidence that Saccharomyces cerevisiae extrudes cF in an energy-
dependent manner, most likely via a secondary transport system. The efflux of cF from the 
cells was analyzed by flow cytometry, which provides a rapid cell-by-cell analysis. The 
implications of the accumulation and efflux of cF for the detection of yeasts and the rapid 
assessment of yeast viability and vitality (defined as the capacity of the yeasts to initiate 
metabolism rapidly after transfer from a nutrient-poor to a nutrient-rich environment (11)) by 
use of flow cytometry are discussed. 

Materials and Methods 

Abbreviations. The following abbreviations are used in this report: cF, carboxyfluorescein; cFDA, 
carboxyfluorescein diacetate; TPP+, tetraphenylphosphonium ion; DMSO, dimethyl sulfoxide; DCCD, 
JV.AT-dicycIohexy lcarbodiimide;HEPES, ̂ V-[2-Hydroxyethyl]piperazine-AT-[2-ethanesulfonicacid]; DNP, 
2,4-dinitropenol; t1/2, time needed for 50 % efflux of original probe content. 

Organism and growth conditions. S. cerevisiae LI 15 was grown aerobically in Sabouraud broth at 
30°C. Cells were harvested at the end of the exponential growth phase at a viable cell concentration of 
approx. 3-107 per ml of broth. 

Loading of cells with cF. Washed cells were resuspended in Mcllvaine buffer, which is composed 
of citric acid (100 mM) and di-sodium hydrogen phosphate dihydrate (200 mM) set to the desired pH (pH 
4.0, unless indicated otherwise). cFDA (10 mg/ml in acetone) was added to a final concentration of 43 
/iM unless indicated otherwise. The suspension was incubated 15 min at 40°C and placed on ice until 
further use. 

Measurement of cF efflux. cF-loaded cells were washed twice and resuspended in ice-cold Mcllvaine 
buffer, pH 4.0 or 7.3. At time zero, the tubes were placed in a waterbath at 30°C, and samples (200 fi\) 
were withdrawn and put in Eppendorf tubes, which were placed in ice. Cells were spun down 
immediately for 3 min in an Eppendorf centrifuge, and 150 /d of the supernatant was carefully pipetted 
off and diluted with 750 pi Mcllvaine buffer pH 7.3. Inhibitor studies were performed as described in 
the legends to the figures. Mcllvaine buffer was replaced by a Na-HEPES buffer in experiments with the 
phosphate analog vanadate. Fluorescence was measured at excitation and emission wavelengths of 490 
and 515 nm, respectively (at 4-nm slid width), in a Jobin Yvon JY3D spectrofluorometer supplied with 
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a 200 W HBO mercury arc light source. Measurements were performed in the linear part of the 
calibration curve. 

The intracellular cF concentration at the beginning of the experiment (time zero) was determined in 
duplicate by permeabilizing the cell suspension in Mcllvaine buffer (pH 7.3) with 0.1 % Triton X-100 
+ 0.5 M KC1 in combination with freezing and thawing (14). The cells were first washed either by 
repeated centrifugation and resuspension, or by filtration on 0.4-/im-pore-size (diameter 25 mm) 
polycarbonate membrane filters (Nucleopore) and subsequent washing with several volumes of ice-cold 
buffer. The permeabilized cells were centrifuged and the cF concentration in the supernatant was 
determined as described above. 

Flow cytometric analysis. Analysis of the fluorescence intensity of individual cells was performed 
by flow cytometry. S. cerevisiae suspensions were diluted 10-fold in Mcllvaine buffer (pH 4.0 or 7.3; 
final cell concentration approximately 107 per ml) in the absence or presence of glucose (10 mM). At 
time zero the samples were placed in a waterbath at 40°C. Time series were made by taking 60 fiX 
aliquots which were diluted into 3 ml of Mcllvaine buffer (pH 7.3) and immediately analyzed with a flow 
cytometer (ChemFlow flow cytometer; Chemunex S.A., Maisons Alfort, France). The fluidic system was 
composed of a closed laminar flow with a maximal flow rate of 0.4 ml per min. For the flow cytometric 
enumeration, a sample volume of 0.20 ml was analyzed. The maximal concentration of fluorescent 
particles which could be measured by the ChemFlow flow cytometer was approx. 105 particles per ml. 
The instrument was supplied with a 100 W HBO mercury arc light source. The excitation wavelength 
was set between 450 and 490 nm by use of 2 bandpass filters. The emission wavelength of 515 nm was 
selected by a dichroic filter of 500 nm (eliminating signals of less than 500 nm) and an interferential filter 
(FI 515) at 515 nm. 

The Y-axis of the histograms corresponds to the number of fluorescent particles. The X-axis is divided 
into channels 0 to 255 relative to the fluorescence intensity of the particles. A logarithmic amplification 
(log 1 mode) of the incoming signal was applied to measure a wider dynamic range of signals in one 
histogram. The shift of the histograms was expressed by the change of the mean fluorescence of the 
fluorescent population. The instrument was calibrated at channel 230 in log 1 mode with standard 
2.355 i*m, coumarin-6 labelled fluorescent polystyrene latex spheres (Molecular Probes Inc. Eugene, 
Oregon, USA.). 

Determination of the proton pump activity of 5. cerevisiae. A suspension of approx. 5 x 107 cells 
per ml was preincubated for 15 min at 40 °C in Mcllvaine buffer (pH 4.0), washed, and then 
resuspended in 5 mM Na-HEPES buffer (pH 7.3). Cell suspensions were stirred in a water-jacketed 
vessel (35 °C), and the pH was recorded continuously with a pH electrode. The proton pump activity 
(in nmol H+ per min per mg of protein) was determined from the slope directly after the addition of 
glucose (10 mM). Inhibitor studies were performed by incubating the cells with vanadate (1 mM), DES 
(150 /*M), or DCCD (200 /*M), whereafter proton pumping was measured upon the addition of glucose. 

Measurement of the intracellular ATP concentration. The ATP concentration was measured in a 
Lumac/3M biocounter M 2010, using the Lumac luciferin-luciferase enzyme assay. The samples (20 /il) 
were mixed with Dimethyl sulfoxyde (80 /il) and diluted with of 5 ml nanopure filtered water. The 
luciferin-luciferase mixture (100 /x\) was added to 200 fi\ of this diluted sample, after which the 
luminescence was measured. 

Chemicals. cF, DES, sodium orthovanadate, DNP, benzoic acid, TPP+, Dimethyl sulfoxyde, and 
DCCD were obtained from Sigma Chemical Co., St. Louis, MO, USA. cFDA was obtained from 
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Boehringer, Mannheim, Germany. Lumit-PM (luciferin-luciferase mixture) and Lumit buffer were 
obtained from Perstop Analytical, Oud-Beyerland, The Netherlands. 

Results 

Accumulation and retention of cF in S. cerevisiae. S. cerevisiae cells were loaded with 
cF at pH 4, and subsequently the retention of cF was studied under different conditions. cF 
was well retained in cells stored on ice, but at 30°C a rapid efflux of cF occurred (Fig. 1). 
This efflux was pH dependent and more rapid at lower pH. At pH 4 and 7.3, the t1/2 values 
were approximately 7 and 21 min, respectively. Addition of glucose to the cells resulted in a 
significant stimulation of the cF efflux at pH 7.3 (t1/2, 10 min), while efflux at pH 4.0 was only 
slightly stimulated (t1/2, 6 min). cF efflux was also stimulated in the presence of fructose and 
mannose, while galactose and glycerol had no effect. Stimulation of cF efflux in the presence 
of metabolizable substrates suggests that cF extrusion is an energy-dependent process. 

o 
0 15 30 45 60 75 

Time (min) 

FIG. 1. Retention of cF in S. cerevisiae LI 15 under different conditions. The cells were loaded with cF 
by incubation at 40°C with 0.22 mM cFDA. The cF efflux at pH 7.3 was measured at 0°C ( • ) and at 
30°C in the absence (v) and presence (T) of glucose (10 mM). cF efflux at pH 4.0 was measured at 
30°C in the absence (O) and presence ( • ) of glucose (10 mM). 

Efflux of cF against a concentration gradient. Further evidence for the involvement of 
metabolic energy in cF extrusion can be obtained by studying cF efflux in the presence of a 
high extracellular cF concentration (1 mM). The initial intracellular cF concentration was 
approx. 0.5 mM. In the absence of glucose, efflux occurred at a low rate, while in the 
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presence of glucose as an energy source, efflux was observed to proceed against a 
concentration gradient (data not shown). The results suggest that cF efflux in S. cerevisiae is 
mediated by an active transport system. 

Kinetics of cF efflux. Cells were loaded with different amounts of cF and the initial rate 
of efflux was determined (Fig. 2). The cF efflux was saturable at high internal concentrations 
and obeyed Michaelis-Menten kinetics. The results were analyzed in an Eadie-Hofstee plot and 
a Km of 0.25 mM for cF transport was determined, which further supports the previous 
observations (see above) and provides strong evidence that cF translocation occurs via a 
carrier-mediated process. 
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FIG. 2. Effect of intracellular cF concentration on initial rate of cF efflux. S. cerevisiae LI 15 cells were 
loaded with cF by incubation at 40 °C with different concentrations of cFDA in Mcllvaine buffer (pH 4). 
The cells were washed and resuspended in Mcllvaine buffer (pH 7.3), and cF efflux was measured at 
30°C in the presence of glucose (10 mM). 
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Temperature dependence of cF efflux. The rate of cF efflux from cells is dependent on 
the temperature (Fig. 1). At initial intracellular concentrations of cF considerably greater than 
the determined km, a zero-order efflux rate constant could be determined. The rate constants 
were plotted in an Arrhenius plot (Fig. 3), and from the slope an activation energy of 50 kJ 
per mol was calculated, indicative of a carrier-mediated process. 

X. 
C 

3.3 3.5 3.7 

1000/T (1/K) 

FIG. 3. Arrhenius plot of cF efflux from S. cerevisiae. Loading of cells with cF and subsequent analysis 
of cF efflux at different temperatures are described in Materials and Methods. The activation energy was 
calculated from the slope of the fitted line. 

Inhibition of cF efflux. To study the mechanism of transport, the effect of various 
compounds on cF efflux was investigated. 
(i) Effect of DNP and benzoic acid. Additional arguments for energy-dependent efflux can 
be obtained by inhibition of cF efflux in deenergized cells. At low external pH, yeasts can be 
(partly) depleted of ATP with protonophores or weak acids (22,30,31). Cells were preincubated 
with DNP (1 mM) or benzoic acid (10 mM) for 20 min at pH 4.0 and 40 °C prior to loading 
with cF. After washing, the cells were resuspended in buffer (pH 7.3) and efflux was analyzed 
(Fig. 4). cF efflux was severely reduced in cells treated with DNP or benzoic acid. Control 
cells had lost approximately 100 % of the original amount of cF in 60 min, while 14 and 58 % 
was excreted from cells treated with DNP or benzoic acid, respectively. Apparently, under the 
conditions used, endogenous energy was more efficiently dissipated with DNP than with 
benzoic acid. In additional experiments, cF efflux was studied in the presence of glucose, and 
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FIG. 4. Effect of benzoic acid and DNP on cF efflux in S. cerevisiae LI 15. Cells were preincubated for 
20 minutes at 40°C in McHvaine buffer (pH 4) in the absence ( • ) or the presence of 1 mM DNP (A) 
or 10 mM benzoic acid ( • ) . After washing, the cells were loaded with cF by incubation at 40°C with 
0.043 mM cFDA in Mcllvaine buffer (pH 4), washed and resuspended in Mcllvaine buffer pH (7.3). cF 
efflux was determined at 30°C in the absence of glucose. 
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FIG. 5. Effect of TPP+ (10 mM) on cF efflux (A) and intracellular ATP concentrations (B) in 
S. cerevisiae LI 15. Cells were loaded with cF at 40°C with 0.043 mM cFDA in Mcllvaine buffer (pH 
4.0), washed and resuspended in Mcllvaine buffer (pH 7.3). cF efflux and intracellular ATP 
concentrations were determined at 30°C in glucose energized cells in the absence ( • ) and presence of 
(A) 10 mM TPP+. 
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now both control cells and DNP-benzoic acid-treated cells extruded cF at a higher rate (data 
not shown). These results support the presence of an energy-dependent cF extrusion system. 
(ii) Effect of TPP+. Is cF transport mediated by an ATP-dependent transport system or by a 
secondary transport system which is driven by the proton motive force? Attempts to measure 
the membrane potential with low concentrations of the lipophilic cation TPP+ (final 
concentration, 4 fiM) failed, which might be due to a low uptake rate of TPP+ (3). However, 
the membrane potential in yeasts can be abolished by adding high concentrations (e.g. 10 mM) 
of TPP+ (10). Nigericin and valinomycin are not very effective on the plasma membrane of 
yeasts (12), and we therefore decided to use TPP+ to dissipate the membrane potential in 
S. cerevisiae. cF efflux from cells in the presence of glucose was almost completely inhibited 
when TPP+ was added to a final concentration of 10 mM (Fig. 5A). However, the intracellular 
ATP levels were only slightly reduced under these conditions and were very similar to those 
in the control cells (Fig. 5B). These results suggest that cF efflux is driven by the proton 
motive force. 
(iii) Effect of ATPase inhibitors. Further arguments for the involvement of the proton motive 
force in carrier-mediated cF efflux were obtained by investigating the effect of plasma 
membrane H+-ATPase inhibitors. Experiments in cells and in isolated yeast plasma membranes 
have shown that the H+-extruding ATPase is inhibited by vanadate, DES, and DCCD 
(9,21,24). The effect of these compounds on proton pumping activities in glucose energized 
cells of S. cerevisiae is shown in Fig. 6. In the presence of glucose only (10 mM), the initial 
H+ extrusion was approximately 540 nmol of H+/min/mg of protein. In the presence of DCCD 
(200 IJM) or DES (150 pM), H+ pumping was reduced to 330 and 122 nmol H+/min/mg 
protein, respectively (40 and 80 % inhibition with DCCD and DES, respectively). In the 
presence of the phosphate analog vanadate (24) H+ extrusion was only slightly affected 
(Fig. 6). Longer pre-incubation of the cells (45 minutes) with DCCD or vanadate did not result 
in increased inhibitory effects. 

The inhibition of the proton pump was correlated with the inhibition of cF efflux. In 
energized cells, DES strongly inhibited the efflux of cF, while DCCD showed a smaller 
inhibitory effect (Fig. 7A). The intracellular ATP concentration was not much influenced by 
DES or DCCD (Fig. 7B). Vanadate (1 mM) did not have an effect on cF efflux (data not 
shown), which is in line with the previous observation that it did not affect H+-pumping 
(Fig. 6). These results show that dissipation of the proton motive force or inhibition of the 
proton motive force generation by the plasma membrane H+-ATPase result in a strong 
reduction of cF efflux. Since under these conditions the intracellular ATP concentrations 
remained high (Fig. 6B and 7B), it is unlikely that cF is extruded via an ATP-dependent 
transport system. The results favor a secondary transport system for cF. 

Flow cytometric analysis of the efflux. The accumulation of cF in yeast cells is principally 
based on membrane integrity. However, "vital" cells translocate cF to the external environment 
(see above). A relative simple method to determine efflux of fluorescent probes from individual 
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FIG 6. Effect of plasma membrane ATPase inhibitors on H+ pumping capacity in S. cerevisiae LI 15. 
Cells were loaded with cF by incubation with 0.043 mM cFDA in Mcllvaine buffer (pH 4.0) at 40°C. 
Cells were washed and resuspended in 5 mM Na-HEPES buffer pH 7.3. Glucose (10 mM) was added 
at the time indicated by the arrow. The assay was performed at 35°C. The following additions were 
made: a, none; b, vanadate (1 mM); c, DCCD (200 /JM); d, DES (150 /xM). 
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FIG 7. Effect of plasma membrane ATPase inhibitors on cF efflux (A) and intracellular ATP 
concentrations (B) in S. cerevisiae L115. Cells were loaded with cF at 40°C with 0.043 mM cFDA in 
Mcllvaine buffer (pH 4.0), washed and resuspended in Mcllvaine buffer (pH 7.3). The assay was 
performed at 30°C in the presence of glucose (10 mM). The following additions were made: ( • ) , none; 
( • ) DES (150 iM); (A), DCCD (100 iM). 
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cells is flow cytometry. As illustrated in Fig. 8, the cF fluorescence of individual cells shown 
in the histograms was quite heterogeneous. The mean intracellular cF concentration of a 
S. cerevisiae culture loaded by using cFDA was about 0.1 to 0.4 mM. 

Fig. 8A-1 shows a typical shift to the left of the histograms due to the loss of fluorescence 
at 40°C by yeast cells previously loaded with cF. As expected from results presented above, 
addition of glucose caused a significant extra shift in the fluorescence intensity of the cells as 
a function of time (Fig. 8B-1). In a subsequent series of experiments, cF retention was 
analyzed in S. cerevisiae cells which were stressed in different ways: (i) a short incubation at 
high temperature (1.5 min at 60°C); (ii) preincubation with DNP (ImM); or (iii) preincubation 
with benzoic acid (10 mM). The histograms show that neither the initial number of fluorescent 
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FIG. 8. Histograms of an S. cerevisiae population. Cells were loaded with 0.043 mM cFDA at 40°C. 
Subsequently, loss of fluorescence at 40°C after 0, 20, 40 and 60 minutes was measured with a flow 
cytometer in non-energized cells (A) and in cells energized with glucose (10 mM) (B). Cells were pre-
treated as follows: 1, no treatment; 2, heat treatment at 60°C for 90 seconds; 3, preincubation with 
benzoic acid (10 mM); and 4, preincubation with DNP (1 mM). a.u., arbitrary units. 
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particles nor the initial fluorescence intensity of cF loaded cells was significantly decreased 
(Fig. 8A). However, the decrease in viable cells as determined from the decrease in CFU after 
the temperature treatment of the S. cerevisiae suspension was more than 4 log units. In these 
temperature-treated cells, the shift to the left of the histogram appeared to be strongly reduced 
(Fig. 8A-2), and upon addition of glucose no additional shift in the histogram was observed, 
which indicates that the cells were not vital (Fig. 8B-2). In contrast, washed cells preincubated 
with benzoic acid did not show any decrease in the viable plate count. The histograms showed 
a reduction in the shift of the histogram, indicating that the cells were stressed (Fig 8A-3). 
However, subsequent addition of glucose induced again a significant decrease in the 
fluorescence intensity, which indicates that the cells were indeed still vital. After preincubation 
with DNP, the cells were severely stressed and a slight decrease in viable counts was observed 
(data not shown). The limited shift in the absence of glucose coincides with this observation 
(Fig. 8A-4), but the shift upon addition of glucose indicated that the largest part of the 
population was still vital (Fig. 8B-4). 

The extent to which a yeast population loses its fluorescence was correlated in flow 
cytometry experiments with yeast "viability". Viable and non-viable cells (determined by the 
plate count method) were mixed at different ratios. As demonstrated in Fig. 9, an excellent 
correlation was found between the viable counts as determined by the plate count method 
(counting after 5 days incubation at 30 °C on Sabouraud agar) and the fraction of yeast cells 
which had lost approximately 100 % of cF after incubation for 30 min at 40°C, such that they 
could not longer be detected with the flow cytometer. 
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FIG. 9. Comparison of the fraction ofviable cells and the fraction of S. cerevisiae LI 15 cells which lost 
all fluorescence. The viable cell counts were determined by the plate count method. The cells were 
loaded with cF by incubation with 0.043 mM cFDA in Mcllvaine buffer (pH 4.0), washed and 
resuspended in Mcllvaine buffer (pH 7.3). The efflux assay was performed at 40°C in the presence of 
glucose (10 mM). The fluorescent cells were counted at time zero and after 30 minutes. FCM, flow cytometry. 

56 



Extrusion of carboxyfluorescein from S. cerevisiae 

Discussion 

This report shows that S. cerevisiae actively extrudes cF via a transport system. Passive 
transport of cF is not very likely since at physiological pH cF has predominantly a threefold 
negative charge and can thus be considered practically membrane impermeable (13). 
Furthermore it has previously been shown that cF leaks indeed only very slowly from artificial 
membrane vesicles (31). The activation energy found for cF efflux (50 kJ/mol) is more in 
agreement with a carrier-mediated process, which is in the range of 30 to 84 kJ/mol (16), than 
with passive diffusion. In addition, the cF efflux was saturable and obeyed Michaelis-Menten 
kinetics. Also, the inhibition of cF efflux by high concentrations of TPP+ and by the H+-
ATPase inhibitors DCCD and DES indicates that cF is extruded in an energy-dependent 
manner. Since in the presence of these inhibitors the proton motive force was dissipated while 
the intracellular ATP concentrations remained high, the cF extrusion system is most likely 
correlated with the magnitude of the proton motive force and not directly with ATP or a related 
compound. 

Is transport of cF driven by the membrane potential (negative inside) and/or the proton 
gradient (ApH, alkaline inside)? The activation of the H+-ATPase in S. cerevisiae by glucose 
is well documented, although the mechanism is still a matter of discussion (2,19,22,24,27), and 
results in the generation of a membrane potential (negative inside) and a pH gradient (alkaline 
inside). The increased rate of cF efflux at pH 4 as compared to pH 7.3 might be indicative for 
the involvement of the pH gradient (ApH). The higher efflux rate at pH 4.0 is unlikely the 
result of an increased passive efflux, because addition of DNP or benzoic acid at pH 4 
(inducing a decrease of the pH,) does not stimulate but rather severely inhibits the efflux of cF. 

We suggest that there may exist in S. cerevisiae a transport system for anionic compounds 
which is most likely driven by the proton motive force, via a solute/proton-antiport or uniport 
mechanism. This transport system might be involved in the extrusion of (toxic) compounds 
from the cell (16). However, substrates for described (bacterial) multidrug resistance-like 
solute/proton antiport systems are not negatively, but mostly positively charged molecules (17). 
Extrusion of cF in S. serevisiae is not inhibited by reserpine, a typical inhibitor of multidrug 
resistance systems (1). The physiological role of this efflux system remains therefore to be 
elucidated. 

S. cerevisiae cells can be loaded with cF by incubation with cFDA. The final fluorescence 
intensity of the loaded cells will depend on the membrane integrity, the intracellular esterase 
activity, the intracellular pH, and the loss of the fluorescent dye during the loading. Hence, 
the fluorescence intensity is not necessarily reflecting the viability as such. The only reasonable 
assumptions which can be made are that stained cells do not have severely damaged membranes 
and contain esterase activity. However, information about the energy status in vivo can be 
obtained by the efflux properties of a cell population loaded with cF which can easily be 
determined with flow cytometry. The histogram will shift to the left side of the x-axis as result 
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of the loss of intracellular fluorescence, and this phenomenon is apparently correlated to the 
ability of the cell to synthesize ATP and subsequently generate a proton motive force. 

At 40 °C, the cF efflux within 30 minutes from the viable yeasts was excellently correlated 
with the viability as determined with the plate count method (Fig. 9). However, the test 
conditions (loading procedure, temperature and pH during efflux, glucose concentration and 
the time interval for the measurement) play a key role in the final shift of the histogram. 
Hence, for each application, validation and standardization of the different parameters will be 
necessary. 

In conclusion, we suppose that the determination of the cF efflux rate potentially allows a 
rapid and quantitative determination of the change in metabolizing capacity of a cell population 
upon addition of a metabolizable substrate, i.e., measurement of yeast vitality. This method 
should prove of general utility for the rapid assessment of yeast viability and vitality, especially 
for the determination of pitching yeast quality. 
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Abstract 

A novel method based on the intracellular conjugation of the fluorescent probe 5 (and 6-)-
carboxyfluorescein succinimidyl ester (cFSE) was developed to determine the intracellular 
pH of bacteria. cFSE can be taken up by bacteria in the form of its diacetate ester 
5 (and 6-)-carboxyfluorescein diacetate succinimidyl ester, which is subsequently 
hydrolysed by esterases to cFSE in the cytoplasm. When Lactococcus lactis cells were 
permeabilized with efhanol, a significant proportion of cFSE was retained in the cells, 
which indicated that cFSE was bound intracellularly. Unbound probe could be conveniently 
extruded by a short incubation of the cells in the presence of a fermentable sugar, most 
likely by exploiting an active transport system. Such a transport system for cFSE was 
identified in L. lactis, Listeria innocua and Bacillus subtilis. The intracellular pH in bacteria 
can be determined from the ratio of the fluorescence signal at the pH sensitive wavelength 
(490 nm) and the fluorescence signal at the pH insensitive wavelength (440 nm). This cFSE 
ratio method significantly reduced problems due to efflux of fluorescent probe from cells 
during the measurement. Moreover, the method described was successfully used to 
determine the intracellular pH in bacteria under stress conditions, such as elevated 
temperatures and the presence of detergents. 

Introduction 

The pHin is critical for the control of many cellular processes, such as DNA transcription, 
protein synthesis, and enzyme activities. To study regulation of the pHin, a reliable method 
to measure the pHin is of utmost importance. Currently, the most frequently used method to 
measure pHin in bacteria is determination of the distribution of radiolabeled weak acids or 
bases in combination with silicon oil centrifugation (2,3,6,8,13,25). The disadvantages of 
this technique are the limited time resolution and the potential negative effects of weak 
acids on cell metabolism. Another common method is the 31P nuclear magnetic resonance 
technique (24), but its application is limited by the very high cell densities required, the 
limited time response, and the expensive equipment necessary. 

Application of fluorescence techniques for pHin measurements have the advantage of a 
high time resolution and simplicity of use (16,26). However, untill now, a significant 
drawback had been leakage of the probe to the external environment (3,16,19), which could 
impair measurement by creating a high level of background. A strategy to prevent this 
problem is to employ more polar fluorescent compounds, such as BCECF and 8-hydroxy-
1,3,6-pyrene-trisulfonic acid (pyranine) (11,21) which, because of their polarity, are less 
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likely to leak from the cell. Such an approach is, however, hampered by the inability of 
bacterial cells to take up such negatively charged molecules. This problem can be avoided 
by incorporating fluorescent probes as (non fluorescent) acetoxymethyl or diacetyl esters 
(11,26). These esters are membrane permeable and cleaved in the cytoplasm by esterases, 
which results in accumulation of the fluorescent form. Other methods which have been used 
to incorporate negatively charged fluorescent probes include electroporation (21) or a short 
acid shock (16). 

Given that different bacteria (such as acidophiles, neutrophiles and alkalophiles) can 
exhibit a wide range of pHin values (typically from 5.6 to 9) (2,3), it is impossible to 
employ a single pH probe which can cover the entire pH range. For general purposes, the 
pKj of the probe should ideally be around pH 7. Currently, the most commonly used 
fluorescent probe for pHin measurements is BCECF, which has a pIC, of 6.97 (23). This 
derivative of fluorescein has four to five negative charges at physiological pH, which 
enhances intracellular retention compared with fluorescein or carboxyfluorescein (11). It has 
been shown recently, however, that BCECF like other fluorescent probes may also be 
actively extruded from cells by transport systems (1,5,17). To minimize resulting back­
ground problems, chemical elimination of extracellular probe (19) and mathematical 
correction of the fluorescent signal for efflux (16) have been exploited. Nevertheless, there 
is still an enormous demand for a simple, direct and high-time-resolution measurement of 
the pHin of bacteria without the need for extensive corrections. 

In this study, the fluorescent probe cFSE was evaluated for determination of the pHin of 
bacteria. cFSE has previously been used to determine cell division in lymphocytes (15,28) 
and bacteria (27), but it can potentially be applied as a pH probe, because its fluorescence 
is pH dependent. cFSE can be easily taken up by bacteria during incubation with its 
diacetate ester cFDASE. Once it is incorporated, it is thought that its succinimidyl group 
forms conjugates with aliphatic amines (10,28). Fluorescence can be detected after 
intracellular esterase activity. This approach should avoid problems due to leakage or active 
efflux of the probe and allow accurate calibration of the fluorescence signal. The method 
has been successfully applied to determine the pHin of Lactococcus lactis, Bacillus subtilis, 
Listeria innocua and Escherichia coli. It was also demonstrated that the pHin of bacteria 
under severe stress conditions, such as elevated temperatures and the presence of detergents 
could be measured by the cFSE method. 

Materials and Methods 

Abbreviations. BCECF, 2',7'-bis-(2-carboxyethyl)-5 (and 6-)-carboxyfluorescein; cF, 5 (and 6-)-
carboxyfluorescein; cFDASE, 5 (and 6-)-carboxyfluorescein diacetate succinimidyl ester; cFSE, 
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5 (and 6-)-carboxyfluorescein succinimidyl ester; HEPES, iV-2-Hydroxyethylpiperazine-JV-2-ethane-
sulfonic acid; Lauryl sulfobetaine, Af-dodecyl-N,iV"-diniethyl-3-ammoniopropane sulfonate; pHin, 
intracellular pH; pH^,,, extracellular pH; BSA, bovine serum albumin. 

Organisms and growth conditions. L. lactis subsp. lactis (ATCC 19435 [the type strain]) and 
E. coli B104 (Chemunex S.A.) were grown overnight at 30°C in M17 broth (with 0.5 % [wt/vol] 
lactose) and brain heart infusion broth (OXOID Ltd.), respectively. L. innocua 56 (provided by 
Alfred J<£rgensen laboratory, Copenhagen, Denmark) and B. subtilis (ATCC 6051 [the type strain]) 
were grown overnight in brain heart infusion broth at 30°C and peptone broth in a shaking water bath 
at 37°C, respectively. The overnight cultures were diluted five times in fresh medium and incubated 
for an additional 3 h before they were harvested (at an optical density at 620 nm of approximately 
0.6). 

Loading of cells with fluorescent probe. Harvested cells were washed and resuspended in 50 mM 
potassium HEPES buffer, pH 8.0. Subsequently, the cells were incubated for 10 min at 30°C in the 
presence of 1.0 pM cFDASE, washed, and resuspended in 50 mM potassium phosphate buffer pH 
7.0 (unless indicated otherwise). To eliminate non conjugated cFSE, glucose (final concentration, 
10 mM) was added and the cells were incubated for an additional 30 min at 30°C (L. lactis was 
energized with lactose instead of glucose). The cells were then washed twice, resuspended in 50 mM 
potassium phosphate buffer (pH 7.0), and placed on ice until required. With E. coli, the cFSE 
incorporation was accomplished by supplementing the HEPES buffer with 5 mM EDTA and using 
phosphate buffer supplemented with 10 mM MgCl2. 

Efflux of cFSE. cFSE efflux assays were performed in phosphate buffer, pH 7.0, in the absence 
and presence of 10 mM glucose (lactose in the case of L. lactis). At time zero, the tubes were placed 
in a water bath at 30°C, and at various times, samples (200 /*1) were withdrawn and put in Eppendorf 
tubes which were placed on ice. The cells were spun down immediately for 3 min in an Eppendorf 
centrifuge, and 150 /il of the supernatant was carefully pipetted off and diluted with 750 /il of 
potassium phosphate buffer, pH 7.0, in a 1-ml cuvette. Fluorescence was measured at excitation and 
emission wavelengths of 490 and 520 nm, respectively (at 5 nm slit widths), in a spectrofluorometer 
(Perkin Elmer LS 50B, with a 50 Hz pulsed xenon lamp as light source). Total fluorescence (100%) 
was estimated by using 150 /il of uncentrifuged sample (supernatant and cells) after incubation. 

Measurement of pH^. Cells containing fluorescent probe were diluted to a concentration of 
approx. 107 cells per ml in a 3-ml glass cuvette and placed in the stirred and thermostated cuvette 
holder of the spectrofluorometer. Fluorescence intensities were measured at excitation wavelengths of 
490 and 440 nm by rapidly altering the monochromator between both wavelengths. The emission 
wavelength was 525 nm, and the excitation and emission slit widths were 5 and 10 nm, respectively. 
The 490-to-440 nm ratios were corrected for background signal due to buffer. The incubation 
temperature was 30°C (unless indicated otherwise). At the end of each assay the extracellular 
fluorescence signal (background) was determined by filtration of the cell suspension through a 0.22 
Aim pore-size membrane filter and measurement of the filtrate. 

Calibration of pH,,,. Calibration curves for L. lactis, B. subtilis and L. innocua were determined 
in buffers with pH values ranging from 4 to 10. Buffers were prepared from glycine (50 mM), citric 
acid (50 mM), Na2HPCy2H20 (50 mM), and KC1 (50 mM); the pH was adjusted with either NaOH 
or HC1. The pHin and pH^ were equilibrated by addition of valinomycin (1 /tM) and nigericin (1 
/iM) and the ratios were determined as described above. 
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Results 

Effect of cFSE incorporation on cell viability. The influence of cFSE incorporation on 
the viability of L. lactis was determined by plate count (Ml7 agar). No reduction in the 
number of CFUs was observed after the protocol (cFDASE treatment followed by incuba­
tion with carbon source and washing) was carried out compared with the number of CFU 
found by plate counts of cell samples prior to the cFDASE treatment or after application of 
the protocol but with cFDASE omitted (data not shown). 

Efflux of cFSE. L. lactis did not extrude cFSE in the absence of a carbon source, but 
upon addition of lactose (10 mM), efflux was strongly stimulated (Fig. 1). Similarly, with 
B. subtilis and L. innocua, efflux in the absence of a carbon source was slow and was 
significantly stimulated upon addition of glucose (10 mM), but it was slower compared with 
that with L. lactis. The percentages of probe retained in B. subtilis, L. innocua and L. lactis 
after 1-h incubations at 30 °C in the presence of carbon source was approximately 20, 50, 
and 15%, respectively. 
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FIG. 1. Retention of cFSE in L. lactis (circles), B. subtilis (squares) and L. innocua (triangles). The 
cells were loaded with cFSE by incubation at 30°C with 1 /tM cFDASE. The efflux of cFSE was 
measured at 30°C in 50 mM potassium phosphate buffer (pH 7.0) in the absence (open symbols) and 
presence (closed symbols) of 10 mM glucose (B. subtilis and L. innocua) or lactose (L. lactis), which 
was added at the time indicated by the arrow. 

Conjugation of cFSE and elimination of free probe. The succinimidyl group of cFSE 
is thought to form stable conjugates with (intracellular) aliphatic amines. In the L. lactis 
suspension containing cFSE, the relative fluorescence signal at 440 nm was 46.8, of which 
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3.5 was extracellular (Table 1). Upon the addition of lactose (10 mM) or ethanol (26%, 
vol/vol) to the cuvette, most cFSE was detected in the filtrate (extracellular) after filtration 
of the cell suspension. Nevertheless, a significant percentage of cFSE (approx. 20%) was 
not lost from the cells, and apparently conjugated. When the cells were energized with 
lactose (10 mM) for 30 min and washed, only a small quantity of cFSE was lost from the 
cells after the post washing addition of lactose or ethanol. In contrast, other analogs of 
fluorescein, cF and BCECF, were lost almost completely (>98 %) from previously treated 
cells after the 30 min incubation with lactose. 

TABLE 1. Retention of cFSE, cF and BCECF in L. lactis. 

Probe Fluorescence intensity of cells 
loaded with fluorescent probe* 

Fluorescence intensity of cells loaded with 
fluorescent probe and incubated 30 min at 
30°C in the presence of lactose (10 mM)" 

cFSE 
cFSE + lactose 
cFSE + ethanol (33%)" 
cF 
BCECF 

Total 

46.8 
46.8 
46.8 
165.3 
53.3 

Intracellular 

43.3 
9.9 
10.3 

139.5 
40.7 

Extracellular 

3.5 
36.9 
36.5 
25.8 
12.6 

Total 

8.6 
8.6 
8.6 
2.0 
0.3 

Intracellular 

8.4 
7.1 
7.1 
2.0 
0.3 

Extracellular 

0.2 
1.5 
1.5 
0.0 
0.0 

" Before measurement, the cells are washed twice and resuspended in potassium phophate buffer, pH 7.0. 
b Values are corrected for the effect of ethanol on the fluorescence signal. 

Measurement of pHj„. The pHin was determined from the ratio of the pH-sensitive 
wavelength (490 nm) and the pH-insensitive wavelength (440 nm). The measurement of the 
490-to-440 ratio was performed during a 25 min assay (Fig. 2). Immediately after the 
cFSE-stained L. lactis cells were washed, the fluorescence intensities at 490 nm and 
440 nm decreased. This phenomenon is most likely due to photofading. At the end of each 
assay, the pHin and pHout were equilibrated and the sample was filtered. When L. lactis cells 
were not energized with lactose, the unbound probe in the filtrate, which was leaked and/or 
exported from the cells, represented more than 90% of the total signal (Fig. 2A). However, 
after incubation with lactose and subsequent washing the extracellular fluorescence signal 
(background), which was determined at 440 nm after the filtration was reduced to only 11% 
of the total signal (Fig. 2B). 

The pHin of E. coli was assessed after EDTA treatment to facilitate staining. A small pH 
gradient (pHin 7.3 to pH^, 7.0 at 30°C) could be observed after the addition of glucose (10 
mM) (data not shown). This suggests that the vitality of this organism is decreased, since 
previous studies have indicated that E, coli has a pHin of approx. 7.8 at an external pH of 
7.0 (3). 
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FIG. 2. Fluorescence intensity of L. lactis cells measured at excitations of 490 nm ( ) and 440 nm 
( ). The cells were preincubated in the absence (A) or presence (B) of lactose (10 mM). The 
emission wavelength was 525 nm. The cells were loaded with cFSE as described in Materials and 
Methods. Measurements in the cuvette were performed at 30°C in 3 ml of 50 mM potassium 
phosphate buffer, pH 7.0. The following additions were made at the times indicated by the arrows: a, 
cell suspension (100 /u.1); b, lactose (10 mM); c, valinomycin (1 pM); and d, nigericin (1 /tM). At 
arrow e the cuvette was removed for a short time from the spectrofluorometer and the filtrate was 
measured after filtration of the cell suspension through a disposable disc filter (0.22 pm pore size), 
a.u., arbitrary units. 

Calibration of pHj„. In bacteria, the pKa values derived from the 490-to-440 nm ratios 
of intracellular cFSE were increased in pH by about 0.6 compared with the effective pKj, of 
6.5 for free cFSE (Fig. 3). The ratios after the equilibration of pHin and pH0UI could not be 
fitted adequately with the Henderson-Hasselbalch equation (9,12) but could be fitted with a 
4 parameter sigmoid function y=a+b/{l+exp[-(x-c)/d}]. 

The excitation spectrum of intracellular cFSE at pH 7 after equilibration with the pH0Ut 

exhibited a red shift of about 5 nm (Fig. 4). Potassium glutamate (0.5 M), which is present 
in cells at high levels, decreased the fluorescence intensity, but a red shift was not 
observed. The effect of some proteins on the spectrum of cFSE was also investigated. 
When cFSE was incubated in the presence of BSA (0.3%, vol/vol) a small red shift of the 
spectrum was observed and the fluorescence intensity decreased. This red shift was 
apparently not influenced by the pH of the incubation buffer (data not shown). B-Casein 
(0.03%, vol/vol) had no effect at all on the fluorescence spectrum of cFSE (data not 
shown). 
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FIG. 3. The relationship between the pH and the ratio (490 nm to 440 nm) of cFSE in buffer ( • ) , in 
B. subtilis cells ( • ) , and in L. lactis cells (A) . The pHrn and pH,,,, were equilibrated by incubation 
with valinomycin (1 ;*M) and nigericin (1 /tM). 
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FIG. 4. Excitation spectra of cFSE in buffer (1), in the presence of 0.5 M potassium glutamate (2) or 
0.3% vol/vol BSA (3), and when incorporated in L. lactis cells (4). The cFSE spectra were corrected 
for the autofluorescence of BSA. The measurements were performed in 50 mM potassium phosphate 
buffer, pH 7.0, at room temperature. The emission wavelength was 525 nm. The fluorescence 
intensities of curves 1,2, and 3 can not be directly compared with the fluorescence intensity of curve 
4. a.u., arbitrary units 
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Effect of pHout, elevated temperatures, and detergents on the pH,n of bacteria. The 
pHin values of energized L. lactis, B. subtilis and L. innocua were measured by the cFSE 
ratio method during incubation in buffers with pH values ranging from 5 to 9 (Fig. 5). The 
observed pHin values for B. subtilis and L. innocua were remarkably similar, while that of 
L. lactis was lower. 

3 

O 

Extracellular pH 

FIG. 5. Effect of pH,,,, on the pHin of energized L. lactis (circles), B. subtilis (squares) and L. in­
nocua (triangles), in the absence (solid symbols) or presence (open symbols) of valinomycin (1 fiM) 
and nigericin (1 fiM). Assays were performed at 30°C. The buffers were prepared from glycine (50 
mM), citric acid (50 mM), Na2HP04-2H20 (50 mM), and KC1 (50 mM); pH was adjusted with 
either NaOH or HC1. 

Furthermore, pHin measurements with L. innocua were performed at various tempera­
tures, and these experiments showed that at 30°C, a clear pH gradient (alkaline inside) of 
approx 1 unit was generated after the addition of potassium and glucose (Fig. 6). At 45°C 
in this organism, the pHin initially decreased, but addition of potassium and more especially 
glucose caused a subsequent increase in the pHin to about 7.7. However, the cells were not 
able to maintain this gradient. At 53°C, the pHin was reduced and a reversed pH gradient 
(acid inside) resulted. Addition of potassium increased the pHin somewhat, but the pHin still 
remained lower than the pH0UI. Subsequent addition of glucose had no effect. 

In the presence of various concentrations of detergent, the pH gradient (at an external pH 
of 7.0) in B. subtilis was completely dissipated by Zwittergent 3-12 and Triton X-100 at 
0.025 and 0.006%, respectively (Fig. 7). These results indicate that permeabilization of the 
cytoplasmic membrane by detergents can be determined accurately by the cFSE method. 
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FIG. 6. Effect of temperature on the pHin of L. innocua. The assays were performed at 30 (1), 45 
(2), and 53°C (3) in 50 mM sodium phosphate buffer, pH 7.0. The following additions were made at 
the times indicated by the arrows: a, potassium chloride (100 mM); b, glucose (10 mM); c, and 
Zwittergent 3-12 (0.1%). 
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FIG. 7. ApH of B. subtilis in the presence of increasing concentrations of Triton X-100 ( • ) and 
Zwittergent 3-12 ( • ) . Assays were performed at 30°C in 50 mM potassium phosphate buffer, pH 7, 
with glucose (10 mM). 
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Discussion 

This report describes a novel technique for measuring the pHin of bacteria. This technique 
is based on the intracellular conjugation of cFSE in the cytoplasm of cells and then the 
elimination of free probe by a short incubation in the presence of a fermentable sugar. The 
principle advantage of such a system is that leakage of fluorescent probe is minimal, being 
less than 25% for cFSE after 20 min at 30 °C compared with over 90% for other analogs of 
fluorescein, such as cF and BCECF. The method takes advantage of the supposed conjuga­
tion of the succinimidyl group of cFSE with the aliphatic amines of intracellular proteins 
(10). Significantly, incorporation and conjugation of cFSE in the cytoplasm of the cells 
does not affect the viability of L. lactis. The system is further enhanced by the ability of 
bacteria to eliminate unconjugated probe. Mammalian cells as well as fungi and bacteria are 
all known to actively extrude fluorescein and related analogs cF and BCECF (1,5,14,17). 
In this study, three gram positive bacteria were found to efficiently extrude cFSE after 
addition of an appropriate carbon source. Efflux is most likely catalyzed by an ATP-driven 
extrusion system because efflux proceeds in the presence of ionophores valinomycin (1 /*M) 
and nigericin (1 j*M) (4). This system might be similar to that previously described for 
BCECF in L. lactis (17). In such gram negative bacteria as E. coli, the use of the cFSE 
method is complicated by the inability of the prefluorochrome cFDASE (molecular weight, 
557) to pass the outer membrane in the gram negative cell wall. For this species, a short 
incubation with EDTA overcame this problem. However, the EDTA treatment may well 
interfere with the active efflux of unbound cFSE and generation of a significant pH 
gradient. Hence, application of this protocol for gram negative genera needs further 
attention. 

Generally, the background levels of extracellular probe were about 10 to 20%, which, 
while very low compared with those of other fluorescent probes, such as cF and BCECF, 
are still significant. The occurrence of this background could not be avoided, but the 
resulting error can be minimized by performing the calibration under identical conditions 
with comparable background levels. 

The observed intracellular pK shift following the uptake of cFSE has been reported 
previously for other probes (7,9,16), but no clear reason for this phenomenon was 
provided. It is unlikely that this pK shift resulted from high probe concentrations or a 
Donnan potential (7,16). Recently, it was suggested that interaction of the probe with 
lipophilic cell compartments, such as the cytoplasmic membrane (20), was responsible for a 
pK shift with the fluorescent pH indicator carboxy-seminaphtorhodafluor. The quantum 
yield of cFSE might be affected significantly by the conjugation of the molecule. This was 
illustrated in vitro by the addition of potassium glutamate and BSA, both of which reduced 
the fluorescence intensity and/or excitation maximum. Changes in the spectral properties of 
cFSE inside the cells might explain why the ratio can not be fitted adequately with the 
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Henderson-Hasselbalch equation. The ratio could, however, be fitted with a four parameter 
sigmoid function. The pHin values observed for L. lactis by the cFSE ratio method were 
comparable to the values reported by Molenaar et al. (17) and Poolman et al. (22). For 
other bacteria (e.g., B. subtilis and L. innocua), the measured pHin values were also 
comparable to those reported in the literature (3,4,6). 

The advantage of using a conjugated probe for the measurement of the pHin is most 
clearly illustrated by the ability to measure pHin under conditions that may permeabilize the 
cell envelope. Convential methods are unable to determine the pHin under such conditions. 
Indeed, the cFSE approach was able to accurately show the effect of elevated temperatures 
on the pH gradient. This offers exciting new possibilities for the study of the impact of heat 
shock on pH homeostasis in bacteria. In fact, preliminary results indicated that L. lactis 
cells exposed to a heat shock could maintain a higher pH gradient than control cells (4). 
Moreover, the application of flow cytometry with fluorescent cFSE-treated cells allows the 
determination of the pHin of individual cells within a population. This ability could prove 
useful for the study of population effects after the exposure of bacteria to various stress 
conditions. The approach can also be exploited in the investigation of low pHin in bacteria 
such as acidophiles, in which case cFSE may be replaced with 5 (and 6-)-carboxy-2',7'-
dichlorofluorescein succinimidyl ester, which has a pKa of 3.9 in buffer and 4.9 when 
incorporated in bacterial cells (4,18). 

In conclusion, the cFSE ratio method allows sensitive and continuous measurement of the 
pHin in bacteria. Leakage of fluorescent probe, which is one of the major problems with 
measurements with such molecules as cF and BCECF, is avoided by intracellular conjuga­
tion of cFSE and subsequent elimination of free probe. It thus offers the ability to investi­
gate the important physiological responses to pHin variations in bacteria, even with bacteria 
experiencing such severe stress conditions as elevated temperatures and exposure to 
detergents. 
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Abstract 

Germination of Rhizopus oligosporus sporangiospores is characterized by swelling of the 
spores and subsequent emergence of germ tubes. Changes in spore morphology and 
alterations in intracellular pH (pHin) of the sporangiospores were assessed during the 
germination process using flow cytometry. Sporangiospores were stained with carboxy-
fluorescein by incubation with carboxy fluorescein diacetate. The non-fluorescent carboxy-
fluorescein diacetate is passively transported into intact cells and subsequently cleaved by 
esterases, which results in intracellular accumulation of the fluorescent carboxyfluorescein. 
Given that the fluorescence of carboxyfluorescein is pH-dependent, the pHin of the 
individual spores could be assessed simultaneously with spore size. For R. oligosporus, 
swelling of the sporangiospores was accompanied by an increase of pHin. In the presence of 
nonanoic acid, a self-inhibitor produced by various fungi, increase of the pHin was 
prevented and swelling was inhibited. A model is proposed in which the pHin plays a 
crucial role in the germination of R. oligosporus sporangiospores. 

Introduction 

The development of fungal spores can be arbitrarily divided into several stages: formation, 
maturation, dormancy, after-ripening, activation and germination (12). Dormancy is a 
common strategy amongst fungi and bacteria to survive unfavourable external conditions. 
The morphology and physiology of dormant cells in nature are extremely diverse. To 
become germinable after dormancy many (fungal) spores require an "after-ripening period" 
(e.g. a cold period), and/or an activation treatment. This treatment may include thermal 
activation, chemical activation (detergents, organic acids, amino acids, etc.) or light 
activation (6,12,22). Generally, germination of fungal spores is characterized by swelling of 
the spores and the formation of germ tubes, accompanied by increase of the respiration 
rate, DNA, RNA, and protein synthesis (6,12). Furthermore, the nutritional requirements 
for germination vary considerably e.g. Aspergillus spores require only C02, whereas 
Rhizopus spores need a carbon and nitrogen source (7,12,18). 

A typical means of controlling germination in fungi, bacteria and plants is self-inhibition. 
It has been previously observed that many fungi germinate poorly at high spore concentra­
tions (crowding effect) and this suggested the presence of some inhibitory substance(s) 
produced by the organism (10,17). Various self-inhibitors, such as nonanoic acid, 5-
isobutyroxy-B-ionone, vanillic acid and the cinnamic esters 3,4 dimethoxycinnamic acid 
methyl ester and methyl cis-ferulate have been identified after extraction from culture 
filtrates of fungi (10,15,17). Self-inhibition has the obvious advantage of preventing rapid 
germination of all spores at the same time and place, which ensures survival in fluctuating 
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environmental conditions and stimulates dissemination in nature (17,22). To date the 
mechanism of action of self-inhibitors is not well understood. It is known that the cinnamic 
esters inhibit germination at the initiation of germ tube emergence, and it has been 
suggested that cinnamic esters may be pre-formed and remain bound to the cell surface 
(17). Nonanoic acid, on the contrary, is known to prevent swelling of the spores (15). 
Moreover, nonanoic acid appeared to be widely produced amongst fungi such as Aspergillus 
niger, Syncephalastrum racemosus, Geotrichum candidum, Penicillium expansum, Rhizopus 
stolonifer and Mucor plombeus (10,15). 

The criterion most frequently used to measure germination is emergence of the germ 
tubes and traditionally this has been determined microscopically. In this study we have 
applied flow cytometry to follow the germination process. In this system particles pass one 
by one in a fluid stream through a measuring apparatus, which simultaneously analyses 
scattered and fluorescence light from the particles. In combination with suitable fluorescent 
probes this offers the possibility to determine various cellular parameters such as size, 
enzymatic activity and intracellular pH. 

In this work the germination of R. oligosporus sporangiospores and the mechanism of 
action of nonanoic acid were investigated. Germination of R. oligosporus spores has 
previously been shown to be optimal at 37°C and at pH 4, and was stimulated by glucose 
and L-alanine (7,18), but the physiological processes which take place during the germina­
tion process are not understood. We present evidence that pHin increase is associated with 
swelling and germination of R. oligosporus sporangiospores, and that inhibition of germina­
tion by nonanoic acid is mediated by the capacity of this substance to dissipate the pH 
gradient. 

Materials and Methods 

Abbreviations. The following abbreviations are used in this report: cF, 5-(and-6)-carboxyfluores-
cein; cFDA, 5-(and-6)-carboxyfluorescein diacetate; CDM, Czapek and DOX synthetic medium for 
germination; cAMP, cyclic adenosine 3',5'-monophosphate. 

Organisms and growth conditions. Rhizopus oligosporus NRRL 5905 was grown 5 to 7 days on 
malt extract agar slants at 30°C. Sporangiospore suspensions were obtained by adding 9 ml dilution 
medium (8.5 g/1 NaCl with 1 g/1 neutralized bacteriological peptone (Oxoid Ltd.)) to the agar slant 
and vortexing the tube thoroughly. The spore suspensions were subsequently filtered through a 30 fim 
nylon filter to remove mycelium and other debris, and used immediately. 

Fluorescence staining of spore suspensions. The R. oligosporus spore suspensions were washed 
twice by centrifugation in an Eppendorf centrifuge in Czapek and DOX synthetic medium for 
germination (CDM, OXOID Ltd.), set to pH 4.0 with lactic acid (final concentration less than 0.05 
mM). Subsequently, the suspension was incubated 20 min in the presence of cFDA (0.22 mM) at 
40°C, washed twice with CDM and resuspended in malt extract broth adjusted to pH 4.0 with lactic 
acid (unless indicated otherwise). 
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FIG. 1. Fluorescent microscope analysis of R. oligosporus sporangiospores at the start of the 
incubation (A), after 5 hours incubation in malt extract broth (B), and after 5 hours incubation in 
Czapek and Dox medium (C). The spores were previously stained with carboxyfluorescein and 
subsequently incubated at 37°C at pH 4. Magnification x 400. 
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Determination of germination. Germination of R. oligosporus spores was determined micros­
copically and by flow cytometry at one hour intervals. For microscopic analysis at least 140 spores 
were counted at random and germination was defined as the extension of a germ tube to one-half the 
diameter of the spore (18). The spore suspensions contained approx. 1 x 106 spores/ml. Samples for 
flow cytometric analysis were prepared by taking 100 pi aliquots, which were diluted into 2 ml CDM 
(adjusted to pH 4.0 with lactic acid). The germination was evaluated in malt extract broth in the 
absence and in the presence of various concentrations of nonanoic acid (the pH was re-adjusted to pH 
4 with sodium hydroxide). 

Flow cytometric analysis. Analysis of individual spores was performed with a Partec PAS-Mi 
flow cytometer (Partec GMBH, Minister, Germany), equipped with an air-cooled argon ion laser 
(excitation wavelength 488 nm), which was operated at 15 mW. The instrument was set up to collect 
4 parameters: scattered light (488 nm) at low and wide angle, and fluorescent light at emission 
wavelengths of 515 nm and 560 nm. Low angle light scatter (forward scatter) was used as an 
indicator of cell size and wide angle light scatter (90° or side scatter) was used as an indicator of cell 
shape. The results are represented in 2 parameter dot plots in which the X-axis and Y-axis are 
arbitrarily divided into 64 channels, relative to the intensity of the incoming signal. A logarithmic 
amplification of the incoming signal was used to measure a wider range of signals (1.5 decade and 3 
decade scale for scatter and fluorescence parameters, respectively). The sample analysis time was 
2 min. in which approx. 10000 particles were analyzed. The spores were separated from background 
by their side and forward scatter characteristics, and consequently the total number of spores 
(fluorescent and non-fluorescent) was determined. The fluorescence intensity of the particles was 
calculated as the square root of the multiplication of the 515 and 560 nm fluorescence signals (after 
recalculation from log mode to linear mode). 

Determination of intracellular pH. The intracellular pH of individual fluorescent cells was 
determined by flow cytometry from the ratio of the 515 nm signal (pH sensitive wavelength) with the 
560 nm signal (less pH sensitive wavelength) from cF in the cells. The incoming log mode signals 
were recalculated to linear mode before determination of the ratio. For determination of the mean 
515/560 nm ratio for all spores (fluorescent and non-fluorescent), it was assumed that the non-
fluorescent (inactive) cells did not have a pH gradient. Calibration of the pHin was performed by the 
best fit of the Henderson-Hasselbalch equation (pKa = 6.25, Rmi„ = 0.755, Rmax = 1.50) after 
measuring the fluorescence ratio (515 nm/560 nm) in spores resuspended in growth medium at 
various pH values containing 1 % acetic acid to equilibrate pHin and pH,,,,,. 

Results 

Germination of R. oligosporus sporangiospores. The germination of R. oligosporus 
sporangiospores in malt extract broth was determined microscopically and with flow 
cytometry. For flow cytometric analysis the spores were stained with cF by incubation with 
cFDA. The non-fluorescent cFDA is passively transported into intact cells and subsequently 
cleaved by esterases, which results in intracellular accumulation of fluorescent cF (5). 
Fluorescence of cF at 515 nm is highly pH dependent, which allows measurement of the 
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pHin by measuring the ratio of the 515 nm signal with the much less pH dependent signal at 
560 nm. Subsequently, forward scatter (indicating particle size), fluorescence intensity and 
the 515/560 nm ratio of the spores were determined simultaneously with flow cytometry. 
R. oligosporus sporangiospores are smooth-walled, round to oval and 5 to 10 fim in length 
(Fig. 1A). The spores were easily detected and enumerated in malt extract broth by flow 
cytometry (Fig. 2B), while initially only a small percentage (up to 35 %) of these spores 
were fluorescently stained (Fig. 2A). This suggested that in at least a part of the dormant 
spores intracellular esterases are active. The staining was not influenced by the absence or 
presence of glucose (data not shown). 

Time (hours) 

3 

Forward Scatter 
(channel) 

FIG. 2. Flow cytometric derived dot plots of forward scatter and fluorescence (series A), and dot 
plots of forward scatter and side scatter (series B), measured simultaneously during germination of 
R. oligosporus sporangiospores in malt extract broth pH 4.0 at 37°C. Particle size is indicated by the 
forward scatter (x-axis), in both A and B. Fluorescent spores are represented in series A, and the 
total spore population in series B. The spores were previously stained with carboxyfluorescein and 
subsequently incubated for the time period indicated. Germinating spores with detectable germ tubes 
are in the top right part of the dot plots. The x and y axis are a 1.5 and 3 decade log scale, respec­
tively, arbitrarily divided in 64 channels. The number of analyzed cells was approx. 10000. 

In malt extract the spores rapidly increased in size (swelling) as determined from the 
increase of the forward scatter in the side scatter/forward scatter dot plots (Fig. 2B). The 
fluorescent spores are depicted in the 515 nm fluorescence/forward scatter dot plots 
(Fig. 2A). During incubation the spores showed a synchronous increase in forward scatter 
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and fluorescence intensity, and the dot plots after 3 hours incubation show that almost all 
spores had become fluorescent, presumably because during the incubation the esterase 
activity increased and cFDA is hydrolysed to cF. All swollen (fluorescent) spores formed 
germ tubes approx. 2 hours later. In spores which formed a germ tube (illustrated in 
Fig. IB), the fluorescence intensity and forward scatter were further increased (top right 
cells in dot plots measured after 5 hours incubation (Fig 2A and B)). 

When the spores were incubated in CDM (Fig. 3) two distinct populations became 
increasingly evident in the side scatter/forward scatter dot plots; small spores (events with 
low forward scatter) and swollen spores (events with increased forward scatter). The 
swollen spores represented about 30 % of all spores. As illustrated in the 515 nm fluor­
escence/forward scatter dot plots, which were measured simultaneously, only the spores 
with increased forward scatter were fluorescent. The flow cytometry results and micro­
scopical analysis (Fig. 1C) showed that the swollen, fluorescent spores were smaller than in 
malt extract broth (Fig. IB). After 8 hours approx. 10 % of the spores formed germ tubes 
as determined by microscopical analysis. 
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FIG. 3. Flow cytometric derived dot plots of forward scatter and fluorescence (series A), and dot 
plots of forward scatter and side scatter (series B), measured simultaneously during germination of R. 
oligosporus sporangiospores in Czapek and Dox medium pH 4.0 at 37°C. Particle size is indicated by 
the forward scatter (X-axis), in both A and B. Fluorescent spores are represented in series A, and the 
total spore population in series B. Staining protocol was the same as described in legend to Fig. 2. 
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FIG. 4. The mean pHLn of fluorescent R. oligosporus sporangiospores in malt extract broth, pH 4 
( • ) , and Czapek and Dox synthetic medium, pH 4 ( • ) . The incubation was performed at 37°C. The 
pHin was determined by flow cytometry from the ratio of the 515 nm with the 560 nm fluorescence 
signal. The excitation wavelength was 488 nm. 
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FIG. 5. Germination of JR. oligosporus sporangiospores in the absence ( • ) and presence of 0.25 mM 
(A), 0.5 mM ( • ) , 1 mM (O) and 2 mM (A) nonanoic acid. The spores were incubated at 37°C in 
malt extract broth (pH 4). The spores were analyzed microscopically by counting at least 140 cells at 
random. Germination was defined as the extension of a germ tube to at least one-half the diameter of 
the spore. 
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Simultaneously, the pHin of the R. oligosporus sporangiospores was determined by the 
515/560 nm ratio. At the start of the incubation the (mean) pHin of the fluorescent spores in 
malt extract broth and CDM was approx. 5.9 and was increased to approx. 6.3 in 1.5 hours 
(Fig. 4). 

Effect of nonanoic acid on germination of R. oligosporus sporangiospores. The 
germination of the R. oligosporus sporangiospores in malt extract broth was determined in 
the absence and presence of nonanoic acid. In the absence of nonanoic acid the spores 
started to form germ tubes after a lag time of about 3 hours, and after 5 hours more than 
50 % of the spores had formed germ tubes, as was determined microscopically (Fig. 5). In 
the presence of 0.25 mM nonanoic acid the lag time was increased to approx. 6 hours. In 
the presence of 1 mM nonanoic acid emergence of germ tubes was inhibited for at least 7 
hours, but after 18 hours 47 % of the spores germinated, whereas in the presence of 2 mM 
nonanoic acid the germination after 18 hours was less than 1 % (data not shown). 

Simultaneously, the forward scatter (indicating size) of the spores was analyzed by flow 
cytometry (Fig. 6). In the absence of nonanoic acid (Fig. 6, serie a), the forward scatter of 
the spores was increased after 3 hours, which indicated swelling. After 5 hours a 
subpopulation of spores (representing approx 40 % of all spores) could be distinguished 
with a significant increased forward scatter, most likely indicating emergence of germ 
tubes. After 7.5 hours the forward scatter of the spores suggested that most spores were 
germinated. This is in agreement with observations made using microscopy. In the presence 
of 0.25 mM nonanoic acid (Fig. 6, serie b) swelling was slightly suppressed and emergence 
of germ tubes was delayed. In the presence of 0.5 mM nonanoic acid (fig. 6, serie c) 
swelling was significantly inhibited and emergence of germ tubes within 7.5 hours was 
prevented, whereas in the presence of 1 mM and higher concentrations of nonanoic acid 
(Fig. 6, serie d and e) swelling was completely inhibited. In the presence of 2 mM 
nonanoic acid the spores had even slightly shrunk, as determined from the decreased 
forward scatter (Fig. 6, serie e). 

In the same experiment the pHin distribution of the spores in suspension was also 
determined at an extracellular pH of 4 (Fig. 7A). At the start of the incubation the pHin 

values of the fluorescent spores ranged from 5 to 6.5. The mean pHin was approx. 5.7. 
Within 1 hour the pHin shifted approx. 0.5 pH unit to higher pH values. After 6 hours 
incubation the pHin ranged approx. from 5.5 to 6.7, and the mean pHin was 6.3, and the 
number of fluorescent spores was augmented from 40 % to 90 % of the total number of 
spores. In the presence of 1 mM nonanoic acid the pHin shifted to lower pH values (Fig. 
7B), and the number of fluorescent spores decreased to 20 % of the total number. The 
mean pHin of the spores was calculated from the pHin of the individual cells (Fig. 8). In the 
presence of increasing concentrations of nonanoic acid the pHin decreased gradually, and in 
the presence of 2 mM nonanoic acid the pH gradient was almost completely dissipated. 
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FIG. 6. Size of R. oligosporus sporangiospores determined with flow cytometry. The results are 
plotted as 2 parameter dot plots of forward scatter (indicating particle size) with side scatter. The 
spores were incubated in Malt extract broth (pH 4, 37°C) in the absence (a), or presence of 0.25 mM 
(b), 0.5 mM (c), 1 mM (d) or 2 mM (e) nonanoic acid. The number of analyzed cells was approx. 
10000. Germinating spores with emerged germ tubes are depicted in the top right part of the 2 
parameter dot plots. The X- and Y-axis are a 1.5 decade log scale divided arbitrarily in 64 channels. 
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FIG. 7. The pHin distribution of fluorescent R. oligosporus sporangiospores in the absence (A) or 
presence (B) of 1 mM nonanoic acid after 0.15 (+), 0.75 (A), 3 (O), 4 (v), 6 (O) and 7.5 ( • ) 
hours incubation in malt extract broth adjusted to pH 4 with lactic acid at 37 °C. For comparison, the 
total number of spores (fluorescent and non-fluorescent) is standardised to 2000. The pHin was 
determined by flow cytometry from the ratio of the 515 nm with the 560 nm fluorescence signal. The 
excitation wavelength was 488 nm. 
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Fig. 8. The mean pHin of R. oligosporus sporangiospores in malt extract broth (pH 4) in the absence 
( • ) and presence of 0.25 mM (»), 0.5 mM ( • ) , 1 mM (•) and 2 mM ( • ) nonanoic acid. The 
incubation was performed at 37°C. The pHin was determined by flow cytometry from the ratio of the 
515 nm with the 560 nm fluorescence signal. The excitation wavelength was 488 nm. 
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FIG. 9. Two parameter dot plot of the 515 fluorescence and the 560 nm fluorescence signals of R. 
oligosporus sporangiospores after 5.5 hours in the presence of 2 mM nonanoic acid measured with 
flow cytometry. The total number of spores was 47134, of which 2784 spores were fluorescent. The 
spores with an increased ratio and fluorescence intensity (60 events) are in the encircled area. The X-
and Y-axis are a 3 decade log scale divided arbitrarily in 128 channels. 
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After 6 hours incubation in the presence of 2 raM nonanoic acid a small population of 
spores (60 out of 47000 spores (0.13 %)) with increased ratio and fluorescence intensity 
was detected (Fig. 9). In contrast, after 32 hours incubation no germinated spores could be 
detected microscopically. This result particularly illustrates the high potential of the flow 
cytometric method to rapidly identify small subpopulations in a cell population. 

These combined morphological and physiological results suggests that swelling is 
associated with an increase of the pHin. When this pHin increase was prevented by addition 
of nonanoic acid, swelling and subsequent emergence of germ tubes did not occur. 

Discussion 

In this study, germination of R. oligosporus sporangiospores was evaluated with flow 
cytometry. A major advantage of flow cytometry is the possibility to analyze simultaneously 
morphological and physiological parameters of a large number of cells. The low angle light 
scatter (forward scatter) of the spores proved to be a very accurate indicator of size. Given 
that fluorescent spores hydrolyse cFDA and retain cF, the fluorescence intensity of the 
spores (due to accumulation of cF) could be used as indication of metabolic (enzymatic) 
activity. Furthermore, the pHin could be determined effectively from the ratio of the 
515 nm emission with the 560 nm emission. The use of the fluorescence ratio technique in 
combination with flow cytometry to measure the pHin has the main advantage that back­
ground problems due to leakage of fluorescent probe from the spores are avoided and that 
cells can be analyzed individually. The pHin in spores was calibrated by equilibration of the 
intracellular pH with the extracellular pH. This was achieved by using acetic acid (1 %), 
since the commonly used ionophores nigericin and valinomycin and the polyene antibiotic 
nystatin were not effective (8,16,20). Given that the pKa of carboxyfluorescein is 6.3 (11) it 
is difficult to measure accurately pH values lower than approx. 5. However, because of the 
high sensitivity of the flow cytometer the ratios could be determined accurately and these in 
turn allowed an estimation of the corresponding pHin values. 

A schematic representation of the germination process of R. oligosporus sporangiospores 
is shown in Fig. 10. Germination is characterized by swelling (stage I) and subsequent 
emergence of germ tubes (stage II). Initially, the spores contain insufficient available 
endogenous carbon and/or energy sources and an exogenously added carbon or energy 
source is needed for swelling (18). Furthermore, synthesis of fatty acids is required, as was 
demonstrated for Rhizopus stolonifer (19). This is most likely because in Rhizopus sp. a 
new inner wall layer, the germination wall (6), is formed during swelling (13,28). During 
swelling the oxygen consumption and RNA synthesis are significantly increased (6,12). We 
have shown that swelling of R. oligosporus spores is associated with an increase in 
fluorescence and pHin. In the second stage germ tubes are formed. The germ tube wall 
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layer is continuous with the inner wall layer of the swollen spore, emerging through the 
original outer spore wall. R. oligosporus spores require a nitrogen source for emergence of 
the germ tubes (18). During germ tube elongation the intracellular ATP levels are increased 
significantly (unpublished data). In germinated spores formation of compartments was 
observed (most likely by emergence of vacuoles). Although the pHin in these spores did not 
appear to be influenced significantly by this phenomenon, a potential contribution of 
vacuolar pH to the observed pHin must be considered, i.e. the cytoplasmic pH may be 
slightly underestimated. 

Up to now the mechanism by which germination of R. oligosporus sporangiospores is 
triggered and the role of the pHin in germination are unclear. In R. oligosporus swelling of 
the spores and subsequent emergence of germ tubes is triggered by glucose (18), a 
phenomenon which has also been described in Mucor racemosus and Pilobolus longipes 
sporangiospores (2,25). How glucose triggers germination in R. oligosporus is not 
understood. Glucose is known to induce a (transient) increase in cAMP (2,4,24), and a rise 
in cAMP has been reported to be responsible for 'breaking of dormancy' in spores from 
Phycornyces blakesleeanus and Saccharomyces cerevisiae ascospores (3,23,26). It has also 
been reported that in S. cerevisiae and Fusarium oxysporum uptake of glucose stimulates the 
plasma membrane-located H+-ATPase (4,9), resulting in extrusion of H+. In S. cerevisiae 
the glucose-induced H+-ATPase activation was independent of the glucose-induced cAMP 
increase (21). Whether the initiation of germination in R. oligosporus sporangiospores is 
regulated by cAMP or activation of the H+-ATPase remains to be elucidated. We suggest 
that increase of the pHin is crucial for germination and most likely stimulates various 
processes such as protein synthesis, enzyme activation and cell wall synthesis. The critical 
role of the pHin is supported by the inhibiting effect of nonanoic acid on the swelling and 
emergence of germ tubes. Our evidence suggests that the mechanism of action of nonanoic 
acid (pit, 4.96, i.e. 89 % undissociated acid at pH 4) is by dissipation of the pH gradient, 
thereby preventing the increase of the pHin necessary for spore germination (Fig. 10). Other 
weak acids such as acetic acid, citric acid and palmitic acid inhibited germination less 
effectively than nonanoic acid. For instance, under the same conditions acetic acid (pIC, 
4.76, i.e. 83 % undissociated acid at pH 4) had a similar effect on the pHin of R. oligo­
sporus spores, but at much higher concentrations (> 30 mM) (data not shown). 

Self-inhibitors such as the cinnamic esters cis-3,4- dimethoxycinnamic acid methyl ester 
and cis-ferulic acid methyl ester, did not inhibit swelling but prevented initiation of the 
germ tube elongation of urediniospores from rust fungi such as Uromyces phaseoli and 
Puccinia graminis (17). To date, the exact mode of action of these self-inhibitors has not 
been elucidated. The cinnamic esters were already effective at nanomolar concentrations 
and it was suggested that enzymes associated with the newly formed germ tube and which 
are necessary for germ tube extension, were reversibly inhibited (14). Furthermore, several 
extracted phenolic compounds such as vanillic acid and p-hydroxybenzoic acid were 
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reported to be inhibit urediniospores of P. graminis at millimolar concentrations (27), but 
detailed information is lacking about their mechanism of inhibition. 

Long chain fatty acids such as lauric, oleic and linoleic acid, have been described to 
inhibit germination of Bacillus cereus spores (1). Although it was suggested that in Bacillus 
these long chain fatty acids act by inhibition of binding of L-alanine to the germination site, 
no data are available to support this hypothesis and it remains to be elucidated whether 
these compounds inhibit germination also by dissipation of the pH gradient in these 
bacterial spores, like nonanoic acid in R. oligosporus spores. 

In conclusion, the viability of individual R. oligosporus sporangiospores could be 
efficiently assessed with flow cytometry. Increase of pHin proved to be critical for swelling 
and subsequent emergence of the germ tubes. This was demonstrated by the effect of 
nonanoic acid and other weak acids, which inhibited germination of R. oligosporus by 
dissipation of the pH gradient. 
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Abstract 

Growth of Lactococcus lactis and Bacillus subtilis was inhibited by the detergents Triton 
X-100 and Af-dodecyl-N,Af-dimethyl-3-ammoniopropane sulfonate (Lauryl sulfobetaine) at 
concentrations below their critical micelle concentrations. B. subtilis cells were 
permeabilized and subsequently lysed in the presence of these detergents. Exponential phase 
L. lactis cells, however, were not permeabilized by Triton X-100 as demonstrated by (a) 
acid production of cells in the presence of a fermentable sugar, (b) maintenance of 
intracellular ATP levels, (c) negligible lactate dehydrogenase (LDH) activity in the 
extracellular medium, (d) inability of TOTO-1 to pass the cell envelope and bind to DNA, 
and (e) maintenance of a pH gradient. In contrast, L. lactis cells were permeabilized in the 
presence of Lauryl sulfobetaine as indicated by inhibition of sugar metabolism and dissi­
pation of the pH gradient. The resistance of L. lactis to Triton X-100 is most likely due to 
the protective function of the cell wall, since protoplasts were very sensitive Triton X-100 
and were readily permeabilized. There are several indications, however, that intact L. lactis 
cells require energy for their resistance to Triton X-100. Addition of lactose (10 mM) was 
necessary to restore the pH gradient, and minimalized leakage of LDH to the extracellular 
medium. Significantly, after incubation of L. lactis cells in the presence of Triton X-100, 
several proteins were released in the extracellular medium as evidenced by SDS-PAGE. 
The inhibition of growth of L. lactis by low concentrations of Triton X-100 is most likely 
caused by an inhibition and/or removal of cell-wall associated proteins which may be 
essential for growth. 

Introduction 

Detergents have a wide range of important applications both in biological research and in 
industrial processes. Some detergents, such as the cationic quaternary ammonium 
compounds have a strong bactericidal capacity. Others, such as anionic, zwitterionic and 
non-ionic detergents are considered to have weaker antimicrobial activity, but do have a 
variety of useful applications. The non-ionic detergent Triton X-100 is widely used for 
permeabilization of microbial cells (16,25), and the anionic detergent sodium dodecyl 
sulphate (SDS) is noted for its protein denaturing ability. Zwitterionic detergents, like 
Chapso and Lauryl sulfobetaine have strong lipid solubilization capacities but, in contrast to 
SDS, a low protein denaturing ability (26). 

The effects of detergents on lipid bilayers and liposomes have been studied in detail and 
a sequence of events has been proposed for the interaction of detergent with liposomes pre­
pared from pure phospholipids (8). First, detergent molecules bind to the lipid bilayer. 
Subsequently, the bilayer is saturated with detergent molecules, resulting in bilayer 
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destabilization and formation of mixed micelles. The size of the micelles will decrease upon 
increasing the detergent/phospholipid ratio. The interaction of detergents with bacterial 
cells, however, is possibly far more complex and it is not known whether the same 
principles may be directly applied. 

In this study the effects of Triton X-100 and Lauryl sulfobetaine on the gram-positive 
bacteria Lactococcus lactis and Bacillus subtilis were investigated. Triton X-100 (Fig. 1A) 
has a polyethyleneglycol headgroup (with on average 9 to 10 ethylene oxide units) and a 
octylphenol hydrophobic tail. The critical micelle concentration (CMC) is 0.24 mM (0.015 
%) and the hydrophile-lipophile balance (HLB) is 13.5. The HLB value is indicative for the 
membrane solubilizing power of non-ionic detergents, i.e. detergents which have HLB 
values between 12.5 and 14.5 are considered most effective for solubilization of membranes 
(8). The aggregation number (i.e. the mean number of detergent molecules in a micelle) of 
Triton X-100 is 140 with a corresponding micellar weight of 90 kDa. Lauryl sulfobetaine 
(Fig. IB) has an alkyl tail (of 12 units) and a sulfobetaine headgroup. The CMC of Lauryl 
sulfobetaine is 3.6 mM (0.12%). The aggregation number is 55 with a micellar weight of 
18 kDa. 
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FIG. 1. Structural formulas of (A) polyoxyethyleneglycol (9-10) p-t-octylphenol (Triton X-100), and 
(B) iV-dodecyl-iV,iV-dimethyl-3-ammoniopropane sulfonate (Lauryl sulfobetaine). 
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We demonstrate that growth of B. subtilis and L. lactis is inhibited by both detergents. 
The obvious explanation for this inhibition would be permeabilization of the cytoplasmic 
membrane. However, in contrast to Bacillus subtilis, L. lactis cells were apparently not 
permeabilized by Triton X-100. Therefore, the responses of L. lactis to Triton X-100 
exposure are explored in more detail. 

Materials and Methods 

Abbreviations. The following abbreviations are used in this report: cF, 5-(and-6)-carboxyfluores-
cein; cFDA, 5-(and-6)-carboxyfluorescein diacetate; cFDASE, 5-(and-6)-carboxyfluorescein diacetate 
succinimidyl ester; cFSE, 5-(and-6)-carboxyfluorescein succinimidyl ester; CMC, critical micelle 
concentration; HEPES, iV-[2-Hydroxyethyl]piperazine-iV-[2-ethanesulfonic acid]; 50 mM KPi pH 7, 
50 mM potassium phosphate buffer pH 7.0; LDH, lactate dehydrogenase; SDS-PAGE, sodium 
dodecylsulphate polyacrylamide gel electrophoresis; TOTO-1, l,l'-(4,4,7,7-tetramethyl-4,7-
diazaundecamethylene)-bis-4-[3-methyl-2,3-dihydro-(benzo-l,3-thiazole)-2-methylidene]-quinolinium 
tetraiodide); Triton X-100, polyoxyethyleneglycol (9-10) p-t-octylphenol; Lauryl sulfobetaine, 
iV-dodecyl-iV,iV-dimethyl-3-ammoniopropane sulfonate; t1/2, time needed for 50 % efflux of original 
probe content. 

Bacteria and growth conditions. Lactococcus lactis subsp. lactis (ATCC 19435 [the type strain]) 
was grown overnight at 30°C in M17 broth (Oxoid) with lactose (0.5 % (w/v)). Bacillus subtilis 
(ATCC 6051 [the type strain]) was grown overnight in brain heart infusion (BHI) broth (Oxoid) in a 
shaking water bath at 37°C. The overnight cultures were diluted 5-fold in fresh medium and 
incubated for 3 hours before harvesting at an optical density at 620 nm (OD^,,) of approximately 0.7. 

Growth of Lactococcus lactis and Bacillus subtilis in the presence of various detergents. 
L. lactis and B. subtilis cells were washed and resuspended in fresh M17 (with 0.5 % lactose) and 
BHI, respectively. A concentration series of detergent in medium (up to 2 % Triton X-100 or Lauryl 
sulfobetaine) was previously prepared in a microtiter plate and was diluted with an equal volume of 
cell suspension. The OD620 was approximately 0.05 at the start of the incubation. The cell suspensions 
were incubated at 30° and 37°C for L. lactis and B. subtilis, respectively, and the OD^o was 
measured at 30 minute intervals with an EAR-400 plate reader (SLT labinstruments, Grodig, 
Austria). 

L. lactis cells were washed and resuspended to an OD620 of approx 0.3 in a 50 mM potassium 
phosphate buffer (KPj) pH 7.0 and pre-incubated for 1 hour both in the absence of detergent, and in 
the presence of 0.01 % Triton X-100, 0.1 % Triton X-100, and 0.1 % Lauryl sulfobetaine. After 
incubation the number of cells was determined by plate count (Ml7 agar with 5 g/1 lactose) using 
0.85 % NaCl, 0.1 % neutralized bacteriological peptone as a dilution buffer. Additionally, a 1 ml 
sample was withdrawn for analysis of solubilized and cellular proteins with SDS-PAGE. The 
remaining sample was washed twice and resuspended in the same volume of M17 broth, and growth 
of the cells was followed for 5 hours at 30°C by measuring the OD620. 

SDS-PAGE. SDS-PAGE was performed as described by Laemmli (12) with gels containing 12.5% 
acrylamide. The protein samples were diluted 1:1 in sample buffer (125 mM Tris-HCl pH 6.8, 2.5% 
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SDS, 25% glycerol, 0.25% bromophenolblue and 2.5% 6-mercaptoethanol), boiled for 5 min at 
100°C and applied to the gels. After electrophoresis the gels were silver stained according to the 
procedure of Morrissey (18). The molecular masses of the protein bands were estimated by using the 
following reference proteins: a-lactalbumin (14.4 kDa), Soybean Trypsin inhibitor (20.1 kDa), 
Carbonic anhydrase (30.0 kDa), Ovalbumin (43.0 kDa), Bovine Serum Albumin (67.0 kDa) and 
Phosphorylase b (94.0 kDa). 

Acidification assays. L. lactis cells were washed, and concentrated to an OD^Q of 1.0 (approx.) 
in a 5 mM potassium phosphate buffer pH 5.8. For the acidification assay, 4 ml cell suspension was 
transferred to a stirred, water-jacketed vessel (30 °C), and the pH was recorded continuously with a 
pH-electrode. The acidification rate was determined from the slope of the pH versus time graph, and 
expressed as nmol H+-min'-mg of protein"1. 

Cell permeabilization assays. To determine permeabilization of L. lactis and B. subtilis by 
detergents the following assays were performed: 
(i) lactate dehydrogenase (LDH) activity. L. lactis or B. subtilis cells were washed, concentrated 1.5 
x, and incubated at 30°C in 50 mM KPi pH 7 in the absence and presence of various concentrations 
of Triton X-100. After 1 hour, cells (1.0 ml) were spun down for 2 min in an Eppendorf centrifuge, 
and the supernatant was retained. To determine the total LDH activity the cells (2 ml) were permea-
bilized by sonification (18 x 15 s sonification at 1 min intervals at an amplitude of 15 /im, by a 
Soniprep 150 ultrasonic disintegrator [SANYO Gallenkamp PLC, Leicester, UK]). During sonifi­
cation the samples were cooled in icewater. The sample mixture contained 50 mM KP, pH 7 buffer, 
supernatant, and 0.15 mM NADH, and the reaction was started by the addition of 10 mM Pyruvate. 
The LDH activity was determined by the decrease in absorbance of NADH, measured at 340 run in a 
Beckman DU 64 spectrophotometer (Beckman Instruments CO., USA). 
(ii) influx of TOTO-1. L. lactis cells were washed and resuspended in 50 mM KP, pH 7 with 0.5 /xM 
TOTO-1 (Molecular Probes Ltd. Oregon, USA). Subsequently, the cell suspensions were incubated in 
the absence and presence of 0.4 % Triton X-100 or 0.2 % Lauryl sulfobetaine. After 2 hours the 
fluorescence of TOTO-1 was measured by scanning the emission wavelengths of the cell suspensions 
between 500 and 600 nm. The excitation wavelength was 488 nm. 
(Hi) efflux of cF. Cells washed and resuspended in the same volume of 50 mM KP, pH 7.0 were 
loaded with cF by incubation (10 min 30°C) in the presence of 22 yM cFDA. Hereafter, the cells 
were washed twice and resuspended in the same volume of 50 mM KP; pH 7. At time zero the tubes 
were placed in a water bath at 30 °C and samples (200 (i\) were withdrawn at regular time intervals 
and placed on ice. Cells were spun down immediately for 2 min in an Eppendorf centrifuge, and 150 
jiX of the supernatant was pipetted off and diluted with 750 jul potassium phosphate buffer pH 7. 
Fluorescence was measured at excitation and emission wavelengths of 490 and 515 nm, respectively 
(slit widths 2.5 nm). 
(iv) Determination of intracellular and extracellular ATP. Cells were washed and resuspended in the 
same volume of 50 mM KP, pH 7 (unless otherwise indicated). At time zero, the tubes were placed in 
a 30°C water bath. At various time points, 20 fi\ and 100 /*1 samples were withdrawn to determine 
the total and extracellular ATP concentration, respectively. The first sample (20 /tl) was immediately 
mixed with 80 jtl dimethyl sulfoxide. The second sample (100 /il) was spun down immediately for 2 
min in an Eppendorf centrifuge, after which 20 /A of supernatant was removed and mixed with 80 pi 
dimethyl sulfoxide. All samples were diluted with 5 ml nanopure filtered water. ATP concentrations 
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were determined with a Lumac/3M biocounter M 2010 (Perstop Analytical, Oud-Beyerland, The 
Netherlands) using the Lumac luciferin-luciferase enzyme assay. The enzyme mixture (100 yu.1) was 
added to 200 /A of diluted sample, after which the luminescence was measured. Intracellular ATP 
concentrations were calculated from the known concentrations of extracellular and total ATP. The 
total number of cells was determined with a Burker-Turker cell chamber (depth 0.01 mm). The ap­
proximation used for the intracellular volume of a single Lactococcal cell (v,) was taken to be 1 /im3. 
(v) Determination of intracellular pH. The intracellular pH was determined essentially as described 
previously (3), using the internally conjugated fluorescent pH probe 5-(and-6)-carboxyfluorescein 
succinimidyl ester (cFSE). Harvested cells were washed and concentrated 1.5 x in 1 ml potassium 
HEPES buffer pH 8.0. Subsequently, the cells were incubated 10 min at 30°C in the presence of 1.0 
/xM cFDASE, washed and resuspended in the same volume of 50 mM KP, pH 7 (unless otherwise 
indicated). To eliminate non-conjugated fluorescent probe, lactose (10 mM final concentration) was 
added and the cells were incubated for an additional 30 minutes at 30°C. Cells were then washed 
twice, resuspended in the same volume of 50 mM KPj pH 7 and placed on ice until use. For analysis 
of the intracellular pH, cells containing fluorescent probe were diluted to a concentration of approx. 1 
x 107 cells per ml in a 3 ml glass cuvette and fluorescence was measured using a spectrofluorometer. 

Protoplast formation. Protoplasts were obtained as described by Kondo (11), with some 
modifications. An overnight L. lactis suspension was diluted 5 times and incubated for 3 hours at 
30°C. 1 ml of this culture was washed in cold distilled water and resuspended in 1 ml 0.01 M Tris-
hydrochloride pH 7.0 containing 0.5 M sucrose. Mutanolysin was added to a final concentration of 
25 fxg per ml (approx. 100 units/ml), and the cell suspension was incubated for 25 minutes at 37°C. 
Protoplast formation was monitored by phase contrast microscopy. The protoplasts were pelleted by 
centrifugation in an Eppendorf centrifuge and resuspended in 1 ml SMMB buffer pH 6.5 (0.5 M 
sucrose, 0.02 M maleate, 0.02 M MgCl2 and 1 % bovine serum albumin), and placed on ice until 
required. The intracellular volume of L. lactis protoplasts was estimated to be 1.7 /tm3. 

Chemicals. Lauryl sulfobetaine was obtained from Calbiochem corp. La Jolla, California, USA. 
Triton X-100 was obtained from Fluka Chemie AG, Buchs, Switzerland. cFDA and TOTO-1 were 
obtained from Molecular Probes Inc, Oregon, USA. Mutanolysin was obtained from Sigma-Aldrich 
B.V., Brussels, Belgium. Lumit-PM (luciferin-luciferase mixture) and Lumit buffer were obtained 
from Perstop Analytical, Oud-Beyerland, The Netherlands. 

Results 

Growth of Lactococcus lactis and Bacillus subtilis in the presence of detergents. Triton 
X-100 and Lauryl sulfobetaine completely inhibited growth of L. lactis and B. subtilis at 
0.013 and 0.025 % (w/v), respectively (Fig. 2). The growth inhibitory concentrations of 
Triton X-100 and Lauryl sulfobetaine were below their CMC, which are 0.015 % and 
0.12%, respectively. Significantly, the OD620 of the B. subtilis suspensions decreased below 
the initial OD, as a result of lysis evidenced by microscopic analysis. In contrast, the OD620 

of L. lactis suspensions was not decreased in the presence of growth inhibitory concentra­
tions of Triton X-100 and Lauryl sulfobetaine, and lysis was not observed. 
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FIG. 2. OD620 of L. lactis ( • ) and B. subtilis ( • ) cultures as a function of increasing concentrations 
of Triton X-100 (A) and Lauryl sulfobetaine (B), after 5 hours incubation at 30 °C. The dotted line 
represents the initial OD. 

Influence of preincubation with detergents on growth of L. lactis. In the absence of 
detergent L. lactis cells exhibited growth in M17 broth after a lag period of about 30 min 
following one hour preincubation in 50 mM KP, pH 7 (Fig. 3). Preincubation in this buffer 
in the presence of 0.01 % Triton X-100 and subsequent removal of the detergent by 
washing did not affect the lag period, and the exponential growth rate was comparable to 
that of the control. However, when the cells were preincubated in the presence of 0.1 % 
Triton X-100 the lag period was lengthened by 1 hour (approx.). Under these conditions the 
number of CFU was not affected during the preincubation as determined by plate count 
(data not shown). In contrast, after preincubation in the presence of Lauryl sulfobetaine 
(0.1 %) no growth was observed after transfer to fresh medium, and the number of CFU 
appeared to be reduced to less than 0.01 % of the initial number. 

Analysis of solubilized and cellular proteins by SDS-PAGE. The Protein composition 
of the extracellular medium was analyzed by SDS-PAGE after 1 hour incubation of 
L. lactis in the absence and presence of Triton X-100 and Lauryl sulfobetaine at 30°C in 50 
mM KPi pH 7 (Fig. 4). In the absence of detergent low amounts of some high molecular 
weight proteins could be observed in the extracellular medium of L. lactis. In the presence 
of 0.01 % Triton X-100 additional bands became evident with molecular weights between 
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Time (hours) 
FIG. 3. Effect of preincubation with detergents on growth of L. lactis. Cells were preincubated at 
30°C in potassium phosphate buffer pH 7 for 1 hour in the absence (O), and presence of 0.01 % 
Triton X-100 (D), 0.1 % Triton X-100 (A), and 0.1 % Lauryl sulfobetaine (•). Subsequently, the 
cell suspensions were washed twice and resuspended in M17 broth with lactose (0.3 %) and incubated 
at 30°C. 

1 2 3 4 5 6 7 8 kDa 

FIG. 4. Protein composition of culture supernatants (lane 1 to 4) and cell extracts (lane 5 to 8) from 
L. lactis after incubation with detergents. The cells were incubated for 1 hour at 30°C in the absence 
(lane 1 and 5), and presence of 0.01 % Triton X-100 (lane 2 and 6), 0.1 % Triton X-100 (lane 3 and 
7), and 0.1 % Lauryl sulfobetaine (lane 4 and 8). Bands of interest are indicated by the arrows. 
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40 and 95 kDa. In the presence of 0.1 % Triton X-100 a prominent band was detected at 
about 15 kDa and several minor bands at approx. 17, 28, 32, 39 and 42 kDA. Significant­
ly, proteins with similar molecular masses were detected in the growth medium in the 
presence of Lauryl sulfobetaine (0.1 %). 

Glycolysis. Acidification of the external medium was used as an indication of the 
glycolysis rate in L. lactis. Exposure of cells to levels of Triton X-100 sufficient to inhibit 
growth, or higher (0.2 %), did not prevent acidification of the non-buffered medium at pH 
5.8 in the presence of lactose (10 mM). In contrast, Lauryl sulfobetaine (0.2 %), and the 
ionophores valinomycin (1 jiM) and nigericin (1 pM) (in combination), completely inhibited 
extracellular acidification at pH 5.8 (data not shown). These results indicate that Triton 
X-100 does not interfere with glycolysis inL. lactis, whereas Lauryl sulfobetaine apparently 
does. 

Permeabilization of L. lactis and B. subtilis. To evaluate the effect of detergents on the 
integrity of the cell envelope of L. lactis and B. subtilis, the leakage of cytoplasmic LDH 
(Mw = 35 kDa), the influx of TOTO-1 (Mw 1303), the efflux of carboxyfluorescein (Mw 

376), the leakage and/or consumption of intracellular ATP (Mw 507), and the proton 
permeability were analyzed in the absence and presence of detergents. 
(i) After 1 hour incubation of L. lactis in the presence of Triton X-100 (0.1 % or higher), 
the LDH activity observed in the extracellular medium was 3.3 % compared to that of cells 
disrupted by sonification [which was set to 100%] (Fig. 5). When lactose (10 mM) was 
also present, leakage of LDH was significantly decreased to only 0.8 %. After 1 hour 
incubation of L. lactis cells in the presence of Lauryl sulfobetaine, no LDH activity could 
be detected in the extracellular medium. With B. subtilis, LDH leakage after one hour 
incubation of cells in the absence and presence of glucose (10 mM) was 12 and 15 % 
(approx.), respectively, as compared to LDH released from sonification-disrupted cells. 
However, when B. subtilis was incubated for an additional hour, the LDH activity increased 
to 80 % (approx.) of permeabilized cells, indicating that the majority of the cells had lysed 
(data not shown). 

(ii) The presence of intracellular TOTO-1 is evident from strong fluorescence between 520 
and 560 nm after its binding to DNA. Hence, fluorescent cells indicate uptake of TOTO-1 
resulting from permeabilization of the cytoplasmic membrane. L. lactis cells incubated 2 
hours in the presence of Lauryl sulfobetaine exhibited strong fluorescence (Fig. 6). This 
was not evident when Triton X-100 was used. After incubation for 2 hours in the presence 
of 0.4 % Triton X-100 the fluorescence of the cells was slightly increased, suggesting that 
only a small percentage (approx. 15 %) of the cells had become permeable to TOTO-1. 
(iii) cF is well retained intracellularly when L. lactis cells are not energized. After addition 
of lactose (10 mM), efflux of cF was stimulated (tm, < 2 min) [Fig. 7], most likely via an 
energy dependent efflux system which has previously been shown to transport BCECF (17). 
Triton X-100 (0.1 %)-induced efflux of cF from non-energized cells (tm approx. 4 minutes) 
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FIG. 5. Effect of Triton X-100 on release of LDH from cells of L. lactis (circles) and B. subtilis 
(squares). The cells were incubated for 1 hour at 30°C in 50 mM potassium phosphate buffer pH 7, 
in the presence of increasing concentrations of Triton X-100. The incubations were performed in the 
absence (solid symbols), and presence (open symbols) of lactose [10 mM] (L. lactis), or glucose [10 
mM] (B. subtilis). The LDH activity released from cells disrupted by sonification was taken as 100%. 
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FIG. 6. Effect of detergents on the uptake of TOTO-1 in L. lactis cells. Cell suspensions were 
incubated 2 hours in the absence (trace 1), and presence of 0.4 % Triton X-100 (trace 2), and 0.2 % 
Lauryl sulfobetaine (trace 3). The incubations were performed in the presence of TOTO-1 (0.5 /iM) 
and the fluorescence spectrum from 500 to 600 nm was measured with a spectrofluorometer. The 
excitation wavelength was 490 nm. 
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FIG. 7. Effect of Triton X-100 on cF efflux in L. lactis. Cells were loaded with cF by 10 min. 
incubation at 30°C with cFDA. The cells were washed and resuspended in 50 mM potassium 
phosphate buffer (pH 7) and cF efflux was measured at 30°C in the absence ( • ) or the presence of 
10 mM lactose (A) , 0.1 % Triton X-100 ( • ) , 0.1 % Triton X-100 and 10 mM lactose (added at the 
time indicated by the second arrow) ( • ) . Triton X-100 and lactose were added at the time indicated 
by the first arrow. 
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FIG. 8. Intracellular ATP (closed symbols) and extracellular ATP (open symbols) of L. lactis cells 
incubated at 30°C in potassium phosphate buffer in the absence ( • ) and presence of 0.2 % Triton 
X-100 ( • ) . 
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FIG. 9. Effect of detergents on intracellular pH of L. lactis. Cell suspensions were incubated at 
30°C. The following additions were made at the times indicated by the arrows: (a) cell suspension 
(100 /tl), (b) lactose (10 mM), (c) Triton X-100 (0.2 %) (trace 1), nigericin (1 pM) (trace 2), and 
Lauryl sulfobetaine (0.2 %) (trace 3), (d) Triton X-100 (0.2 %), (e) Lauryl sulfobetaine (0.2 %), and 
(f) valinomycin (1 /*M) and nigericin (1 j*M). 
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suggested permeabilization of cells. Surprisingly, upon addition of lactose to Triton X-100-
treated cells, cF efflux was significantly stimulated indicating that cells had not been per-
meabilized by Triton X-100. 
(iv) The effect of Triton X-100 (0.2 %) on the intracellular ATP concentration of L. lactis 
resuspended in 50 mM KP; pH 7 (+ 10 mM lactose) was negligible during the first two 
hours of exposure. After this period, the intracellular ATP concentration started to decrease 
and at the same time the extracellular ATP concentration slightly increased (Fig. 8). In 
control cells to which Triton X-100 had not been added, the intracellular ATP concentration 
remained high and no extracellular ATP was found. This indicates that after prolonged 
incubation with Triton X-100 some permeabilization of the cells may have occurred. When 
the cells were resuspended in fresh M17 broth, the amount of ATP increased significantly 
during the first hour, presumably concomitant with growth. Such an increase of ATP was 
not observed in the presence of Triton X-100 (0.2%) [data not shown], which is in 
agreement with the previously observed inhibition of growth in the presence of Triton 
X-100. 

(v) In L. lactis a pH gradient of approximately 1 unit was generated after addition of 
lactose (10 mM) to cells in 50 mM KP, pH 7 (Fig. 9A). Lauryl sulfobetaine (0.2 %) 
dissipated this ApH effectively, and the same was observed after addition of the K+/H+ 

exchanger nigericin (1 /JM). Upon addition of Triton X-100 (0.2 %) a transient decrease of 
approx. 0.2 pH units was observed, after which the pHin increased again to 7.9. Subsequent 
addition of Lauryl sulfobetaine (0.2 %) to these cells dissipated the pH gradient completely 
(Fig. 9A). When L. lactis cells were incubated in the absence of lactose the pHin initially 
increased to pH 7.9 and then started to decrease (Fig. 9B). Addition of Triton X-100 
(0.2 %) to these cells abruptly decreased the pHin from pH 7.8 to pH 7.4, but addition of 
lactose resulted in a slow recovery of the pH gradient. When Triton X-100 (0.2 %) was 
added to lactose-energized cells in which the pH gradient was previously dissipated by 
addition of nigericin, an increase in the pHin was observed (Fig. 9C), suggesting that the 
uncoupling effect of nigericin is neutralized by Triton X-100, presumably by removing 
nigericin from the cytoplasmic membrane. The pH gradient was dissipated when, finally, 
Lauryl sulfobetaine (0.2 %) was added. In B. subtilis the pH gradient was dissipated by low 
detergent concentrations (< 0.03% for Triton X-100 and Lauryl sulfobetaine [data not 
shown]). 

Effect of detergents on L. lactis Protoplasts. The previous results indicate that intact 
L. lactis cells were not or only slightly permeabilized by Triton X-100. Therefore, the role 
of the cell wall was investigated by analyzing the permeabilization of protoplasts by 
detergents. In contrast to intact cells, protoplasts showed an immediate decrease of 
intracellular ATP upon addition of Triton X-100 (0.2 %), which was accompanied by a 
transient increase of the extracellular ATP concentration (Fig. 10). Lauryl sulfobetaine 
elicited a similar effect (data not shown). 
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FIG. 10. Intracellular ATP concentrations (closed symbols) and extracellular ATP concentrations 
(open symbols) of L. lactis protoplasts incubated at 30°C in SMMB buffer pH 6.5 in the absence ( • ) 
and presence of 0.2 % Triton X-100 ( • ) , or 0.1 % SDS (A). The detergents were added at the time 
indicated by the arrow. 

Discussion 

Triton X-100 and Lauryl sulfobetaine efficiently inhibited growth of L. lactis and B. subtilis 
at concentrations below their critical micelle concentrations. The general concept for the 
effect of detergents on intact biological membranes is that, when the detergent/lipid ratio is 
sufficiently high (i.e. greater than approx. 2 in case of Triton X-100), proteins and lipids 
are solubilized from the membrane, and as a result the permeability for ions and proteins is 
increased (7,8,10). Assuming that the lipid fraction of L. lactis cells is between 2.5 to 7.5 
% of the cellular dry weight, the detergent/lipid ratio in a cell suspension of OD620 0.7 (i.e. 
approx. 1 x 109 bacteria per ml) with 0.01 % Triton X-100 (which is the growth inhibiting 
concentration for L. lactis) was estimated to be between 3.5 to 10. The cytoplasmic 
membrane of energized L. lactis is, however, not permeabilized by Triton X-100 as 
demonstrated by (a) acidification of the extracellular medium by L. lactis after addition of 
lactose to the cells in the presence of Triton X-100, indicating that the lactose uptake 
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system and the glycolytic enzymes functioned normally, (b) maintenance of high 
intracellular ATP levels in the presence of Triton X-100, (c) negligible LDH activity in the 
extracellular medium after 1 hour incubation in the presence of Triton X-100, and (d) 
maintenance of a pH gradient in the presence of high concentrations of Triton X-100 
(0.2%). Strikingly, Triton X-100-induced efflux of cF from L. lactis was strongly acceler­
ated upon addition of lactose, indicating that this effect of Triton X-100 is not likely to be 
due to cell permeabilization, but is caused by another mechanism. Energy-dependent efflux 
of fluorescein derivatives such as cF, cFSE and BCECF has been described in L. lactis 
(3,17), and it may be possible that Triton X-100 acts as a non-specific trigger of an existing 
cF extrusion system. Recently, in Corynebacterium glutamicum the carrier-mediated extru­
sion of glutamate was shown to be increased by local anesthetics such as tetracaine and 
chlorpromazine, presumably by a change in membrane order, which in turn activated the 
transport system (13). Whether similar mechanisms are involved in the Triton X-100-
induced extrusion of fluorescein derivatives in L. lactis remains to be elucidated. 

An important point is the resistance of L. lactis to permeabilization by Triton X-100. In 
general, the cell envelope provides the first defence of cells against the external environ­
ment. In gram-negative bacteria the cell envelope consists of two membranes, the cyto­
plasmic membrane and the outer membrane, which are separated by a peptidoglycan 
containing periplasm. It is known from earlier studies that the lipopolysaccharide-outer 
membrane layer and the attached peptidoglycan layer isolated from Escherichia coli are not 
solubilized by Triton X-100 (21), and that the principal site of attack of Triton X-100 
appeared to be the cytoplasmic membrane (20). Furthermore, it has been demonstrated that 
lipopolysaccharide incorporated into phospholipid bilayers protected these artificial 
membranes from disruption by the nonionic detergent deoxycholate (19). Gram-positive 
bacteria do not possess an outer membrane, but do have a significant peptidoglycan layer. 
Our results showed that L. lactis protoplasts, lacking the peptidoglycan layer, were very 
sensitive to permeabilization by Triton X-100, suggesting that it is indeed the cell wall 
which is functioning as a protective barrier against Triton X-100. In contrast, the gram-
positive B. subtilis was readily lysed by Triton X-100. Previous results demonstrated that 
the detergent-induced lysis resulted from deregulation of autolysin activity (24). Further­
more, Jolliffe et al. (9) suggested that activation of autolytic enzymes in B. subtilis could be 
triggered by a decrease of the transmembrane proton motive force. Since Triton X-100 
effectively dissipated the pH gradient in B. subtilis (data not shown), this may have 
triggered autolysis. Triton X-100-induced autolysis has also been described in Streptococcus 
faecalis cells (5). In L. lactis a gene (amcA) encoding for a peptidoglycan hydrolase has 
been identified, and it has been shown that this autolytic activity is required for cell separ­
ation (4). Lysis of L. lactis cells in the exponential growth phase, however, was not trig­
gered by Triton X-100, and this may be correlated to maintenance of the proton motive 
force under these conditions. 
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It has been reported that several bacteria possess energy-dependent defence mechanisms 
against detergents. Halobacterium cutirubrum cells were resistant to Triton X-100 (0.15 %), 
but were readily lysed by this detergent in the presence of respiratory inhibitors such as 
KCN (14). Enterobacter cloacae was shown to require ATP for maintenance of cellular 
integrity in the presence of SDS (1). Clinical isolates of Staphylococcus aureus were 
reported to contain several genes (qac genes) encoding for proton motive force driven 
extrusion systems, conferring resistance to cationic, lipophilic compounds such as 
quaternary ammonium compounds (qac) and ethidium bromide (15). Related multidrug-
resistance systems have recently been found in L. lactis (2). At present, it is not known 
whether this class of extrusion systems may confer resistance to nonionic detergents. Our 
results show that in L. lactis an energy source (lactose) was necessary to restore the pH 
gradient after addition of Triton X-100. Moreover, addition of lactose to exponential phase 
L. lactis cells in the presence of Triton X-100 prevented to a large extent leakage of LDH 
to the extracellular environment. An energy requirement for Triton X-100 resistance was 
also suggested by the depletion of the intracellular ATP pool after prolonged incubation in 
the presence of Triton X-100. However, energy-depleted cells of L. lactis incubated for 1 
hour in the presence of Triton X-100 were still viable as was demonstrated by plate counts, 
and when these cells were subsequently resuspended in fresh medium growth was rapidly 
restored. It may be possible that Triton X-100 induces minor permeabilization, and that 
metabolic energy is required to counteract these effects. It can not be ruled out that energy-
dependent extrusion systems play a role in resistance of L. lactis to Triton X-100, but 
resistance to this detergent solely by use of an energy-dependent extrusion system is not 
very likely. 

The mechanism by which Triton X-100 inhibits growth of L. lactis is not well under­
stood. As discussed above, energized exponential phase L. lactis cells were not permeabili-
zed by Triton X-100. Furthermore, L. lactis still showed significant uptake of 2-amino-iso-
butyric acid (a non-metabolizable analog of L-alanine) and L-glutamate in the presence of 
Triton X-100 (data not shown), indicating that uptake of (essential) amino acids is not a 
limiting factor for growth. The increased ATP consumption in L. lactis in the presence of 
Triton X-100 may explain to some extent the inhibition of growth. Alternatively, when 
L. lactis was incubated in the presence of Triton X-100 several proteins were released into 
the extracellular medium. These proteins are most likely cell wall associated. Gram-positive 
bacteria do contain various cell wall associated enzymes such as carboxypeptidases, 
transpeptidases and hydrolases (22). Transpeptidases are involved in cell wall assembly and 
are susceptible to inhibition by B-Lactam antibiotics (e.g. penicillin). The peptidoglycan 
hydrolases (autolysins), are thought to be involved in cell wall turnover, cell separation and 
various other functions (4,6,22,23). The involvement of autolysins in growth inhibition of 
exponential phase L. lactis cells seems not very likely, since neither the characteristic 
formation of long filaments (4) nor lysis was observed. The rapid recovery of growth of 
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L. lactis after removal of Triton X-100 (0.01 %) indicates that de novo protein synthesis is 
not required at this low concentration. It is possible that Triton X-100 directly inhibits 
enzymes involved in cell wall assembly. A short exposure to higher Triton X-100 concen­
trations (0.1%), resulted in an increase of the lag time to 1 h (approx.). It is conceivable 
that proteins which are released from the cells under these conditions are essential for 
growth, and that their loss results in growth inhibition of L. lactis. 

In conclusion, Triton X-100 does not permeabilize actively growing L. lactis cells, 
although growth is inhibited. The resistance is likely to be mediated by the cell envelope, 
but includes the requirement of metabolic energy. Future research will focus on the exact 
mechanism by which Triton X-100 inhibits growth of L. lactis. 
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7 
General Discussion 

Part of this chapter will be submitted for publication as a review entitled "Assessment of 
viability of microorganisms employing fluorescence techniques", by P. Breeuwer and 
T. Abee. 
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Introduction 

The methods investigated in this thesis to assess the viability of microorganisms are 
principally based on: (i) energy-dependent efflux of fluorescent probes, and (ii) determinati­
on of the intracellular pH (pHin). During the last years, evidence has accumulated that 
extrusion of fluorescent probes from microorganisms is mediated by MDR transport 
systems. These systems may frustrate labelling of microorganisms with fluorescent probes 
including DNA/RNA labelling, assessment of the pHin, and determination of the membrane 
potential. On the other hand, the ability of microorganisms to extrude fluorescent probes or 
their precursors may be correlated to the energy metabolism of the cells. The significance 
of energy-dependent transport systems with regard to cell viability is discussed in more 
detail. The pHjn is critical for the control of many cellular processes, including DNA 
transcription, protein synthesis and enzyme activities. In this discussion, the potential of the 
pHin as an indicator of cell viability is evaluated. Finally, it is more and more recognized 
that cell populations are not homogeneous, and that cells may have different sizes, 
respiration rates, pHin values, etc. (22). The application of fluorescent techniques for 
analysis of population heterogeneity is discussed. 

Energy-dependent efflux of fluorescent probes 

A number of fluorescent probes or non-fluorescent precursors including fluorescein, cF, 
BCECF, cFSE, Rhodamine 6G, and ethidium bromide can be extruded from microorga­
nisms by energy-dependent transport systems (4,5,7,9,28,30,32,36,41,Chapter 3). Signifi­
cantly, the positively charged rhodamine and ethidium are extruded by multidrug resistance 
(MDR) proteins. These proteins have been described in mammalian cells, yeasts and 
bacteria. At this moment, MDR proteins can be classified into at least four families 
(2,5,26,33): (i) ATP binding cassette (ABC) proteins or traffic ATPases. These transporters 
share several properties: they are inhibited by verapamil and reserpine, the mode of 
energization is ATP-dependent, and they have two hydrophobic domains comprised of six 
putative membrane-spanning helices and two hydrophilic domains, which share a conserved 
region of about 200 amino acids (2,12). The P-glycoprotein or MDR-1 protein found in 
mammalian cells is the most prominent member of this superfamily, and catalyzes the ATP-
dependent export of structurally unrelated drugs such as anthracyclines, gramicidin D, 
valinomycin, and fluorescent compounds or non-fluorescent precursors such as Rhodamine 
123, Rhodamine 6G, and BCECF-AM (17,23). A possible bacterial analog of the mdr gene 
of mammalian cells was reported to be present in Streptomyces peutecius, the producer of 
the antitumor agents daunorubicin and doxorubicin (16). Very recently, a bacterial 
homologue of P-glycoprotein has been detected in Lactococcus lactis by van Veen et al. 
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(41); (ii) Major Facilitators Superfamily (MFS). MFS proteins are composed of either 12 or 
14 putative membrane-spanning helices (34), and use the proton motive force as energy 
source (26). Examples are the ethidium bromide resistance systems described in Bacillus 
subtilis (32) and L. lactis (4,5); (iii) Small MDR proteins or Staphylococcal multidrug 
resistance (Smr) family. This relatively new gene family encodes for small proteins which 
have only four putative membrane-spanning helices, and are proton-motive force driven 
(15,26,42). An example is the smr gene found in Staphylococcus aureus, which encodes for 
a protein of 107 amino acids. When this gene was expressed in E. coli KOI489, the cells 
exhibited rapid efflux of tetraphenyl phosphonium (TPP+) ions and ethidium bromide (15); 
and (iv) Resistance-Nodulation-Division (RND) family. It is thought that these tranporters 
consist of cytoplasmic proteins which are linked by accessory proteins to outer membrane 
channels of gram-negative bacteria, thus allowing direct transport of compounds to the 
external medium (33,37). 

The physiological function of MDR proteins in microorganisms is not well understood. 
The most obvious role is that of extrusion of (toxic) compounds encountered in the natural 
habitat to the extracellular environment, but reports which describe the efflux of natural 
substrates of MDR proteins are very scarce (26). In Pseudomonas aeruginosa, an outer 
membrane protein of 50 kDA which is responsible for the secretion of pyoverdin, an iron 
chelator produced by the cell, also conferred resistance to various antibiotics such as tetra­
cycline, chloramphenicol, and streptonigrin (35). Streptomyces pristinaspiralis, produces 
two antibiotics with synergistic activities, together known as pristinamycin. The gene (ptr) 
responsible for torelance of this organism to its own antibiotics was described by Blanc et 
al. (3). ptr encodes for a putative membrane protein with 14 membrane-spanning domains. 
In addition to pristinamycin, ptr also mediates resistance to rifampicin. Interestingly, it was 
suggested that the promotor Pptr, which controls the expression of ptr in this organism, 
could be activated in response to physiological stresses associated with decreases in growth 
rate (38), and not only by the substrates of the multidrug transporter. 

Whether the BCECF, cFSE and cF efflux system(s) described in S. cerevisiae (7,Chap­
ter 3) and L. lactis (9,30,Chapter 4) can be classified as a multidrug transporter remains to 
be established. Fluorescein derivatives are negatively charged at physiological pH, whereas 
MDR substrates are in most cases positively charged or neutral. Transport of cF in S. cere­
visiae is not inhibited by verapamil and reserpine (8,Chapter 2), and in L. lactis known 
substrates of the P-glycoprotein such as daunomycin, vinblastin and actinomycin D are not 
extruded by the BCECF system (4,30). At this moment, information about the homology 
with existing ABC, MFS, and other known genes encoding for transport systems is not 
available. Interestingly, van Veen et al. (41) reported that the substrate specificity of the 
BCECF transporter of L. lactis is remarkably similar to that of the multidrug resistance-
associated protein (MRP). MRP is an ATP-dependent efflux pump which confers resistance 
in human cancer cells to a range of drugs including doxorubicin, daunorubicin, vincristine, 
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and Rhodamine 123 (11,43). Miiller et al. (31) demonstrated that MRP is very similar, if 
not identical, to the glutathion S-conjugate export carrier (GS-X pump). The ATP-depend-
ent GS-X pump is known to confer resistance in cancer cells to hydrophobic, in most cases 
negatively charged compounds, including a range of chemotherapeutic drugs such as 
cisplatin, nitrogen mustards, and chloroethyl nitrosoureas (1,19,20,31). In L. lactis 
glutathion is present in relatively high concentrations, and it is speculated that the BCECF 
transporter may be involved in excretion of oxidized glutathion during oxygen stress (41). 

Since extrusion of fluorescent compounds by transport systems is coupled to the energy 
metabolism of the cells, this property can potentially be used for assessment of cell 
viability. In our laboratory a two-step procedure was developed, whereby Saccharo-
myces cerevisiae cells were first loaded with cF by incubation with cFDA, followed by 
determination of the efflux of cF in glucose-energized cells (7,Chapter 3). In viable cells, 
the fluorescence intensity decreased as a result of cF extrusion to the extracellular environ­
ment. Heat treated cells (90 s, 60°C) lost their ability to export cF, and remained fluores­
cent. Cells treated with benzoic acid or dinitrophenol were deenergized and showed 
decreased ability to extrude cF. This extrusion of probe was, however, stimulated upon 
addition of glucose. The extrusion of cF, cFSE and BCECF from Lactococcus lactis cells is 
most likely driven by an ATP-dependent transport system (10,30), but for this bacterium 
the relationship of probe efflux with cell viability has not yet been investigated. 

The characterization of MDR-like extrusion systems and their relation to cell viability are 
great challenges for future research. Assessment of viability based on extrusion of fluor­
escent probes has the significant advantage that it is fast, easy, and allows analysis of 
individual cells with flow cytometry or image analysis. 

The intracellular pH as indicator of viability 

Microorganisms (such as acidophiles, neutrophiles and alkalophiles) can exhibit a wide 
range of pHin values (typically from 5.6 to 9) (6). Under normal growth conditions, the 
pHin of acidophiles and neutrophiles is in general higher than the extracellular pH. In 
addition to the membrane potential (A^), microorganisms may use this pH gradient as a 
driving force for various energy-requiring processes such as the uptake of amino acids and 
sugars, the rotation of flagella, and the synthesis of ATP. Imai et al. (17) demonstrated that 
the pHin of S. cerevisiae cells is correlated with viability. They showed that viable (divid­
ing) yeast cells are capable of maintaining a pH gradient when incubated at low pH (pH 3), 
whereas non-proliferative cells are not. Also in bacteria, the pHin is an important viability 
parameter. In Streptococcus faecalis, Kobayashi and Unemoto (24) demonstrated that the 
growth rate was directly coupled with maintenance of an alkaline pHin. In ATPase-mutants 
strains, which were defective in their capacity to extrude protons, the growth rate was 
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rapidly reduced when the extracellular pH was decreased. Foster and co-workers (13,14,25) 
showed that Salmonella typhimurium can actively adapt to potentially lethal acid exposure 
by induction of different acid tolerance response systems. They showed that survival of this 
organism is related to an increased ability to maintain a sufficiently high pHin and/or DNA-
repair, synthesis of chaperonins and replacement of acid-sensitive cell constituents with 
acid-stable homologs. Recently, van de Vossenberg et al. (40) demonstrated that the 
maximum growth temperature of microorganisms, which use a proton gradient for energy 
transduction, is most likely determined by the proton permeability of their cytoplasmic 
membrane. Consequently, to grow at higher temperatures, these microorganisms either 
should increase the rate of proton pumping or alter the membrane composition such that the 
membrane becomes less permeable to protons. In our laboratory the effect of heat treatment 
on proton permeability of bacteria was investigated by measurement of the pHin. When the 
temperature is gradually increased to 54°C, L. lactis subsp. lactis cells could maintain a pH 
gradient up to approx. 42°C (Fig. 1). Interestingly, this temperature is indeed close to the 
maximum growth temperature of L. lactis (40 to 44°C). In a second experiment, L. lactis 
cells were exposed to 60°C up to 4 min prior to the measurement of the pHin [performed at 
30°C] (Fig 2). In control cells, which were not exposed to 60°C, the pHin increased upon 
addition of lactose to 7.5 (approx.). To dissipate the proton motive force valinomycin and 
nigericin were added. In general, upon addition of valinomycin the membrane potential is 
dissipated, which is compensated for by an increase of the pH gradient in the non-treated 
cells. After exposure for 1 min at 60°C the cells were still able to maintain a pH gradient. 
However, addition of valinomycin to these cells did not induce an increase of the pH 
gradient. After 4 min exposure at 60°C no pH gradient could be observed, which suggests 
that after this treatment these cells were no longer viable. Indeed, no CFU could be 
detected by plate count (10). 

In conclusion, the pHin is potentially a valuable parameter for assessment of cell viability. 
It may be expected that the increasing possibilities to assess the pHin of individual cells 
under severe stress conditions by flow cytometry or image analysis, will provide new 
insights in the regulation and maintenance of the pHin in microorganisms and the correlation 
of this parameter with cell viability. 

Viability and heterogeneity 

Heterogeneity of a cell population may arise from (i) cells at different stages of growth (i.e. 
in a population, cells may be in the lag phase, actively growing and dividing, in the 
stationary phase, or dead), (ii) oscillatory intracellular dynamics such as protein turnover, 
glycolysis rate, and regulation of redox state, (iii) differences in environmental conditions 
of individual cells, such as a dissimilar availability of limiting nutrients (22,27). With 
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FIG. 1. The intracellular pH of L. lactis in 50 mM potassium phosphate buffer pH 7.0 in the 
presence of lactose (10 mM). During the measurement the temperature was gradually increased to 
54°C. At the times indicated by the arrows the temperature (in °C) in the cuvette was successively 
32.4, (1); 34.1, (2); 37.3, (3); 41.8, (4); 46.7, (5); 50.1, (6); 52.0, (7); 53.3, (8); 54.1, (9); and 
54.1, (10). For more details concerning the pHin measurement see reference 9. 

FIG. 2. Intracellular pH of L. lactis measured in 50 mM potassium phosphate buffer (pH 6.5) at 
30°C. Prior to the measurement the cells were exposed to 60°C for 0 min (a), 1 min (b), or 
4 min (c). The following additions were made at the times indicated by the arrows: 1, lactose 
(10 mM); 2, valinomycin (1 j*M); and 3, nigericin (1 /xM). For more details concerning the pHin 

measurement see reference 9. 
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respect to viability, a population can be arbitrarily divided in dead, viable but non-cultura-
ble, resting (dormant), and active (dividing) subpopulations (29). This categorization is 
principally based on differences in reproduction capacity of the cells. Fluorescence labelling 
techniques allow analysis of individual cells by microscopy, flow cytometry (FCM) or 
image analysis. Using FCM, Kaprelyants and Kell (21) showed that Micrococcus luteus 
cells were heterogeneous with respect to their ability to accumulate Rhodamine 123. Two 
subpopulations could be distinguished: viable and non-viable cells. However, when the cells 
were resuscitated by addition of suitable nutrients, a part of the cells significantly increased 
their ability to accumulate Rhodamine 123 representing 'non-viable but resuscitable' cells. 
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Forward Scatter 515 nm Fluorescence 

FIG. 3. Two parameter dot plots of the Side Scatter and Forward Scatter (A), and of the 515 
fluorescence and the 560 nm fluorescence signals (B) of R. oligosporus sporangiospores. After 7 h 
incubation in malt extract in the presence of 0.05% acetic acid, two spore population are observed: 
(1) swollen spores (increased forward scatter) and higher pHin (high 515-W-560 nm ratio), and (2) 
small spores (decreased forward scatter) and lower pHin (low 515-to-560 nm ratio). The spores were 
stained prior to the measurement with cF by 10 min incubation in the presence of 0.22 mM cFDA. 
The 515-to-560 nm ratio is representative for the pHin. The x and y axes are on a 3 decade log scale 
divided arbitrarily in 64 (A) or 128 (B) channels. The excitation wavelength was 488 nm. 
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In Chapter 5 of this thesis it is shown that analysis of the germination of Rhizopus oligospo-
rus sporangiospores indicated that spore populations are very heterogeneous. This could be 
demonstrated by assessment of the morphology and the pHin of individual spores by FCM. 
Almost all spores germinated when incubated in malt extract whereas after incubation (7 h) 
in the presence of acetic acid (0.05%), a population of swollen spores with high pHin, and a 
population of small spores with lower pHin could be observed (Fig. 3). Furthermore, when 
in a separate experiment the spores were incubated in minimal medium clearly two 
populations could be detected; small, not germinating spores and swollen, germinating 
spores. 

Similarly, a population of germinating spores of Bacillus subtilis could be distinguished 
in vegetative cells, germinated spores, and dormant spores by their uptake of ethidium 
bromide and light scatter characteristics (39). Dormant, non-germinating spores were not 
labelled by ethidium, whereas germinating spores were stained highly fluorescent. The 
vegetative cells could be distinguished from the spores by their decreased light scatter 
signal. 

Heterogeneity of cells, originating from a genetically homogeneous population, has the 
obvious function to improve adaptation to unfavourable environmental conditions. Increas­
ing technical capabilities provide new possibilities to study microbial population 
heterogeneity, and this may contribute to a better understanding of the mechanisms involved 
in selective survival of microorganisms under different stress conditions. 
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Summary 

Viability assessment of microorganisms is relevant for a wide variety of applications in 
industry, including quality assessment of starter cultures for beer, wine, and yoghurt 
production, evaluation of inactivation treatments, and biodegradation. 

A number of methods are available to determine cell viability including the traditional 
plate count method and methylene blue staining, and more recently developed techniques 
such as the fluorescein diacetate method, respiration assays, and assessment of membrane 
potential. This thesis focuses on the application of fluorescence techniques for viability 
determination in general, but in particular on the energy-dependent efflux of fluorescent 
probes and determination of the intracellular pH (pHin) with the fluorescent probe 5 (and 
6-)-carboxyfluorescein succinimidyl ester (cFSE). 

Fluorescent probes such as fluorescein, carboxyfluorescein (cF), and BCECF may be 
incorporated in microorganisms as (non-fluorescent) acetoxymethyl or diacetyl esters. These 
esters are membrane permeable and are cleaved in the cytoplasm by esterases, which results 
in accumulation of the fluorescent form. The mechanism of fluorescent staining of 
Saccharomyces cerevisiae by fluorescein diacetate and 5 (and 6-)-carboxyfluorescein 
diacetate (cFDA) was studied in detail. For fluorescein diacetate and cFDA permeability 
coefficients of 2.8 x 10"7 and 1.3 x 10"8 m-s1, respectively, could be calculated using 
Fick's law for simple diffusion. The accumulation of fluorescein is most likely limited by 
the esterase activity, since transport of fluorescein diacetate was faster than the hydrolysis 
rate. In contrast, accumulation of cF was limited by the much slower transport of cFDA 
through the cell envelope. The efflux of cF was stimulated by the addition of glucose and 
displayed Michaelis-Menten kinetics. A Km for cF transport of 0.25 mM could be determi­
ned. The extrusion of cF was inhibited by the plasma membrane H+-ATPase inhibitors 
AT.JV-dicyclohexyl-carbodiimide and diethylstilbestrol and by high concentrations of 
tetraphenylphosphonium ions. These treatments resulted in a dissipation of the proton 
motive force, whereas the intracellular ATP concentration remained high. The transport of 
cF is therefore most probably driven by the membrane potential and/or the pH gradient. 
Since the cF extrusion is coupled to the energy metabolism this may give an indication of 
the viability of the cells. Subsequently, a two-step procedure was developed, consisting of 
loading the cells with cF, followed by incubation at 40°C in the presence of glucose. The 
fluorescence intensity of the cells was subsequently analyzed by flow cytometry. The efflux 
experiments showed an excellent correlation between the viability of S. cerevisiae cells 
(determined by plate count) and the ability to translocate cF. 
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Currently, the most frequently used method to measure pHin in bacteria is determination 
of the distribution of radiolabeled weak acids or bases in combination with silicon oil 
centrifugation. The disadvantages of this technique are the limited time resolution and the 
potential negative effects of weak acids on cell metabolism. Application of fluorescence 
techniques for pHin measurements have the advantage of a high time resolution and 
simplicity of use. In Chapter 4, a novel method based on the intracellular conjugation of the 
fluorescent probe cFSE is described to determine the pHin of bacteria. cFSE can be taken 
up by bacteria in the form of its diacetate ester 5 (and 6-)-carboxyfluorescein diacetate 
succinimidyl ester (cFDASE), which is subsequently hydrolysed by esterases to cFSE in the 
cytoplasm. Unbound probe could be conveniently extruded by a short incubation of the cells 
in the presence of a fermentable sugar, most likely by exploiting an active transport system. 
The pHin of the cells can be determined from the ratio of the fluorescence signal at the pH 
sensitive wavelength (490 nm) and the fluorescence signal at the pH insensitive wavelength 
(440 nm) of cFSE. The method was successfully used to determine the pHin of Lactococcus 
lactis, Listeria innocua and Bacillus subtilis. In gram negative bacteria such as Escherichia 
coli, the use of the cFSE method may be complicated by the inability of the prefluoro-
chrome cFDASE (molecular weight, 557) to pass the outer membrane of the gram negative 
cell envelope. A short incubation with EDTA can overcome this problem. However, EDTA 
treatment may well interfere with the active efflux of unbound cFSE and generation of a 
significant pH gradient. The principle advantage of cFSE is that leakage of the probe is 
minimal, being less than 25% for cFSE after 20 min at 30°C, compared with over 90% for 
other analogs of fluorescein such as cF and BCECF. Significantly, incorporation and 
conjugation of cFSE in the cytoplasm of the cells does not affect the viability of the 
bacteria. 

In Chapter 5, the germination of Rhizopus oligosporus sporangiospores and the mecha­
nism of action of nonanoic acid, a self-inhibitor produced by various fungi, are investiga­
ted. The germination of R. oligosporus sporangiospores was determined microscopically 
and with flow cytometry. In malt extract broth the spores rapidly increased in size 
(swelling) as could be determined from the increase of the forward scatter in the side 
scatter/forward scatter dot plots. Swelling of the sporangiospores was accompanied by an 
increase of the pHin. However, in the presence of nonanoic acid, increase of the pHin was 
prevented and swelling was inhibited. A model is proposed in which the pHin plays a 
crucial role in the germination of R. oligosporus sporangiospores. 

Detergents have a wide range of important applications both in biological research and in 
industrial processes. The effects of the non-ionic detergent Triton X-100 and the zwitter-
ionic detergent Zwitterion SB 3-12 on the gram-positive bacteria L. lactis and B. subtilis 
were investigated. Both detergents efficiently inhibited growth at concentrations below the 
critical micelle concentration. Zwitterion SB 3-12 efficiently permeabilized B. subtilis and 
L. lactis, and Triton X-100 induced lysis in B. subtilis. The cytoplasmic membrane of 

122 



Summary 

energized L. lactis is, however, not permeabilized by Triton X-100 as demonstrated by (a) 
acidification of the extracellular medium (pH 5.8) by L. lactis after addition of lactose to 
the cells in the presence of Triton X-100, indicating that the lactose uptake system and the 
glycolytic enzymes functioned normally, (b) maintenance of intracellular ATP levels in the 
presence of Triton X-100, (c) negligible LDH activity in the extracellular medium after 1 
hour incubation in the presence of Triton X-100, and (d) maintenance of a pH gradient in 
the presence of high concentrations of Triton X-100. The resistance of L. lactis to Triton 
X-100 is most likely due to the protective function of the cell wall, since protoplasts were 
very sensitive to permeabilization. There are several indications, however, that intact L. 
lactis cells require energy for their resistance to Triton X-100. Addition of lactose (10 mM) 
was necessary to restore the pH gradient, and minimalized leakage of LDH to the extracel­
lular medium. Additional research is needed to determine whether resistance to Triton 
X-100 in L. lactis is mediated by an energy-dependent extrusion system. 

In the general discussion, the significance of energy-dependent extrusion systems in 
microorganisms, the potential of the pHin for assessment of cell viability, and cell 
heterogeneity are discussed in detail. Fluorescent probes such as fluorescein, cF, BCECF, 
cFSE, rhodamine 6G, ethidium bromide, and BCECF-AM can be extruded from microor­
ganisms by energy-dependent transport systems. These systems may frustrate labelling of 
microorganisms with fluorescent probes including DNA/RNA labelling, assessment of the 
pHin, and determination of the membrane potential. On the other hand, these systems may 
be applied for viability assays. The pHin is potentially a valuable parameter for cell 
viability. Indeed, several indications exist that the pHin can be coupled directly to the 
growth rate of bacteria and yeasts. Finally, fluorescence techniques offer the possibility to 
study heterogeneity of a cell population employing microscopy, flow cytometry and image 
analysis. This may contribute to a better understanding of the mechanisms involved in 
selective survival of microorganisms under different stress conditions. 
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De bepaling van de levensvatbaarheid van micro-organismen is van groot belang voor de 
industrie. Hierbij kan gedacht worden aan de kwaliteitsbepaling van startercultures voor de 
produktie van bier, wijn en yoghurt, aan de afdoding van micro-organismen, en aan de 
afbraak van xenobiotica met behulp van micro-organismen. 

Er bestaan meerdere methoden om de levensvatbaarheid van micro-organismen te 
bepalen, waaronder de traditionele plaatmethode, de methyleenblauw kleuring, maar ook 
nieuwere technieken zoals de fluoresceine diacetaat methode, het meten van de respiratie, 
en bepaling van de membraanpotentiaal. Dit proefschrift richt zich op de toepassing van 
fluorescentie-technieken voor de bepaling van de levensvatbaarheid in het algemeen, en in 
het bijzonder op energie-afhankelijke efflux van fluorescente probes uit cellen en de 
bepaling van de intracellulaire pH (pHin) met behulp van de fluorescente probe 5 (and 6-)-
carboxyfluoresceine succinimidyl ester (cFSE). 

Fluorescente probes zoals fluoresceine, carboxyfluoresceine (cF), and BCECF zijn niet 
permeabel, maar micro-organismen kunnen wel worden opgeladen met de niet fluorescente 
acetoxymethyl- of diacetylesters van deze probes. Deze esters zijn membraanpermeabel en 
worden gesplitst door esterases aanwezig in het cytoplasma, met als gevolg ophoping van 
de fluorescente vorm. Het werkingsmechanisme van de fluorescente kleuring met fluores­
ceine diacetaat and 5 (and 6-)-carboxyfluoresceine diacetaat (cFDA) in Saccharomyces 
cerevisiae is uitvoerig bestudeerd. Met behulp van de wet van Fick kon een permeabiliteits-
coefficient worden berekent van respectievelijk 2.8 x 107 and 1.3 x 108 m-s1 voor 
fluoresceinediacetaat en cFDA. Aangezien het transport over het membraan sneller is dan 
de hydrolysesnelheid is deze laatste factor waarschijnlijk de limiterende factor voor de 
ophoping van fluoresceine. Dit in tegenstelling tot de ophoping van cF, waarbij de veel 
langzamere diffusie door het membraan de limiterende factor is. De efflux van carboxyfluo­
resceine kon worden gestimuleerd door toevoeging van glucose en worden beschreven met 
behulp van de Michaelis-Menten vergelijking. De berekende Km voor het cF transport was 
0.25 mM. 

De extrusie van cF werd geremd door de plasmamembraan H+-ATPase remmers 
iV.W-dicyclohexyl-carbodiimide and diethylstilbestrol en door hoge concentraties tetrafe-
nylfosfonium ionen. De protonen-drijvende kracht werd door deze stoffen gedissipeerd, 
terwijl de intracellulaire ATP concentratie hoog bleef. Het transport van cF is dus waar­
schijnlijk afhankelijk van de membraanpotentiaal en/of de pH gradient. Aangezien extrusie 
van cF is gekoppeld aan het energiemetabolisme kan deze extrusie mogelijk een indicatie 
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geven van de levensvatbaarheid van de cellen. Daarom is een twee-stappen methode 
ontwikkeld, bestaande uit het opladen van de cellen met probe en vervolgens incubatie bij 
40°C met glucose. Tijdens de incubatie wordt de fluorescentie-intensiteit van de cellen 
gemeten met behulp van flowcytometrie. In de experimenten werd een goede correlatie 
gevonden tussen levensvatbaarheid van de S. cerevisiae cellen (bepaald met de plaatmefho-
de) en het vermogen van de cellen om cF te transporteren. 

De meest gebruikte methode op dit moment om de pHin in bacterien te meten is de 
bepaling van de distributie van radioaktief gelabelde zwakke zuren gecombineerd met 
centrifugatie door siliconenolie. Nadelen van deze techniek zijn de lage tijdsresolutie 
en de eventuele negatieve effecten van de zwakke zuren op het celmetabolisme. Fluorescen-
tie-technieken daarentegen zijn eenvoudig toepasbaar en hebben het voordeel van een hele 
hoge tijdsresolutie. In Hoofdstuk 4 wordt een nieuwe methode beschreven om de pHin in 
bacterien te bepalen, gebaseerd op de intracellulaire conjugatie van de fluorescente probe 
cFSE. Bacterien kunnen worden opgeladen met deze probe door incubatie met de diacetyl 
ester 5 (en 6-)-carboxyfluoresceine diacetaat succinimidyl ester (cFDASE). Na opname in 
de cellen wordt cFDASE gehydrolyseerd tot cFSE. Niet-gebonden probe kan eenvoudig uit 
de eel verwijderd worden door incubatie met een fermenteerbare suiker, waarschijnlijk door 
middel van een aktief-transport systeem. De pHin kan worden bepaald door de ratio van het 
fluorescente cFSE signaal bij de pH gevoelige golflengte (490 nm) en het signaal bij de pH-
ongevoelige golflengte (440 nm). De methode is met succes gebruikt om de pHin te meten 
in Lactococcus lactis, Listeria innocua en Bacillus subtilis. Voor gram-negatieve bacterien, 
zoals bijvoorbeeld Escherichia coli is dit gecompliceerder omdat de prefluorochrome 
cFDASE (molecuulgewicht 557) net te groot is om ongehinderd de gram-negatieve 
buitenmembraan te passeren. Een korte incubatie met EDTA kan dit probleem verhelpen, 
maar EDTA kan een negatieve invloed hebben op de aktieve efflux van het ongebonden 
cFSE, en de pH gradient in de cellen. Het voordeel van cFSE is dat er relatief heel weinig 
cFSE (minder dan 25 % na 20 min bij 30°C, vergeleken bij 90% voor andere fluoresceine 
derivaten zoals cF en BCECF) uit de cellen lekt. De opname en conjugatie van cFSE heeft 
geen effect op de levensvatbaarheid van de bacterien. 

In Hoofdstuk 5 is gekeken naar de ontkieming van Rhizopus oligosporus sporangiosporen 
en het werkingsmechanisme van nonaanzuur. Nonaanzuur is een stof die door meerdere 
schimmels geproduceerd wordt om hun eigen ontkieming te remmen. De ontkieming van 
R. oligosporus sporangiosporen is gevolgd met behulp van microscopie en flowcytometrie. 
In moutextract bouillon werden de sporen snel groter (zwelling). Dit kon goed worden 
waargenomen door de toename van forward scatter in de side scatter/forward scatter dot 
plots. Tegelijk met de zwelling van de sporangiosporen nam de pHin ook toe. Echter, de 
aanwezigheid van nonaanzuur verhinderde deze toename van de pHin, en ook opzwelling 
van de sporen werd hierdoor belet. Met de resultaten werd een model voorgesteld voor de 
ontkieming van de sporen, waarin de pHin een belangrijke rol speelt. 
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Detergentia worden gebruikt voor een reeks van toepassingen zowel in biologisch 
onderzoek als in industriele processen. In Hoofdstuk 6 is gekeken naar het effect van de 
niet-ionogene detergent Triton X-100 en de zwitterionische detergent Zwitterion SB 3-12 op 
de gram-positieve bacterien L. lactis en B. subtilis. Beide detergentia remmen efficient de 
groei van deze bacterien bij een concentratie die lager is dan de CMC (critical micelle 
concentration). Zwitterion SB 3-12 permeabiliseerde B. subtilis en L. lactis, en Triton 
X-100 induceerde lysis in B. subtilis. Er zijn echter verschillende aanwijzingen dat het 
cytoplasmatisch membraan van geenergeerde L. lactis cellen niet wordt gepermeabiliseerd 
door Triton X-100, zoals (a) verzuring van het extracellulaire medium (pH 5.8) na 
toevoeging van lactose in aanwezigheid van Triton X-100; dit geeft aan dat glycolyse 
normaal functioneert, (b) het op peil houden van de ATP concentratie in de cellen in 
aanwezigheid van Triton X-100, (c) verwaarloosbare LDH activiteit in het extracellulaire 
medium na 1 uur incubatie met Triton X-100, en (d) het in stand houden van de pH 
gradient in aanwezigheid van een hoge Triton X-100 concentratie. Aangezien protoplasten 
heel gevoelig zijn voor permeabilisatie door Triton X-100, speelt de beschermende functie 
van de celwand waarschijnlijk een belangrijke rol in de resistentie van L. lactis tegen Triton 
X-100. Er zijn echter aanwijzingen dat intacte L. lactis cellen energie nodig hebben om 
permeabilisatie door Triton X-100 tegen te gaan. Toevoeging van lactose (10 mM) was 
noodzakelijk om de pH gradient weer op te bouwen na Triton X-100 toevoeging, en ook de 
LDH lekkage kon worden geminimaliseerd met lactose. Toekomstig onderzoek zal moeten 
uitwijzen of er energie-afhankelijke exportsystemen betrokken zijn bij de Triton X-100 
resistentie van L. lactis. 

De algemene discussie gaat in op het belang van energie-afhankelijke extrusie systemen 
in micro-organismen, de potentiele mogelijkheid om de levensvatbaarheid van cellen te 
bepalen met behulp van de pHin, en de heterogeniteit van celpopulaties. Fluorescente probes 
zoals fluoresceine, cF, BCECF, cFSE, Rhodamine 6G, ethidium bromide en BCECF-AM 
kunnen worden uitgescheiden door micro-organismen. Zulke uitscheidings-systemen 
systemen kunnen een goede fluorescente kleuring van micro-organismen, zoals DNA/RNA 
kleuring, bepaling van de pHin of membraanpotentiaal bemoeilijken. Aan de andere kant 
kunnen deze systemen mogelijk worden toegepast voor bepaling van de levensvatbaarheid. 
De pHin is potentieel een belangrijke parameter voor de levensvatbaarheid. Er zijn meerdere 
aanwijzingen dat de pHin bepalend is voor de groeisnelheid van bacterien en gisten. 
Fluorescente technieken, tenslotte, kunnen worden gebruikt om de heterogeniteit van 
celpopulaties te onderzoeken met behulp van flowcytometrie, microscopie en beeldanalyse. 
Dit alles kan bijdragen tot een beter begrip van de mechanismen betrokken bij de selectieve 
overleving van micro-organismen die zijn blootgesteld aan verschillende stresscondities. 
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L'evaluation de la viabilite des micro-organismes a un reel interet pour divers domaines 
d'applications industriels, incluant le controle des inoculums pour la production de biere, de 
vin et de produits laitiers, ainsi que revaluation de traitement d'inactivation et de biodegra-
dation. 

De nombreuses methodes sont disponibles afin de determiner la viabilite cellulaire incluant 
la methode traditionnelle de numeration sur boite de Petri et la coloration au bleu de 
methylene; Plus recemment, des techniques ont ete developpees: telles que le test de 
respiration, 1'evaluation du potentiel de membrane et une methode utilisant la fluoresceine 
diacetate. Cette these a pour but d'utiliser des techniques de fluorescence pour la determination 
de la viabilite cellulaire en general. Plus particulierement nous avons etudie l'efflux energie 
dependant de sondes fluorescentes et la determination du pH intracellulaire (pHin) avec la sonde 
fluorescente 5(et 6)-carboxyfluoresceine succinimidyl ester (cFSE). 

Des marqueurs fluorescents tels que la fluoresceine, la carboxyfluoresceine (cF), et le 
BCECF peuvent etre incorpores dans les micro-organismes sous la forme d'esters (non 
fluorescents) possedant des groupements diacetyl ou acetomethyl. Ces esters traversent la 
membrane et sont clives par des esterases en composes fluorescents qui s'accumulent a 
l'interieur du cytoplasme. 

Nous avons etudie en detail le mecanisme du marquage fluorescent de Saccharomyces 
cerevisiae par la fluoresceine diacetate et le 5(et 6)-carboxyfluoresceine diacetate (cFDA). Les 
coefficients de permeabilite de la fluoresceine diacetate et du cFDA respectivement de 2,8 107 

et 1,3 108 m s 1 peuvent etre calcules en utilisant la loi de Fick de simple diffusion. 
L'activite enzymatique des esterases est le facteur limitant de 1'accumulation de la fluoresceine. 
En effet le transport de la fluoresceine diacetate est plus rapide que son taux d'hydrolyse. De 
facon opposee, 1'accumulation de la cF est limite par un transport plus lent du cFDA a travers 
la membrane cellulaire. L'efflux du cF est stimule par l'addition de glucose suivant une 
cinetique de Michaelis-Menten dont le Km est de 0,25 mM. L'expulsion du cF est inhibe par 
des inhibiteurs tels que le N,N'-dicyclohexyl-carbodiimide et le diethylstilbestrol et par de 
fortes concentrations d'ions tetraphenylphosphonium qui agissent au niveau de la pompe 
H+/ATP. Ces traitements entrainent la diminution de la force protomotrice tandis que la 
concentration en ATP intracellulaire reste elevee. Par consequent, le transport du cF est plus 
probablement sous controle du potentiel de membrane et/ou du gradient de pH. Comme l'efflux 
du cF est lie au metabolisme energetique, celui-ci peut dormer une indication sur la viabilite 
des cellules. Par la suite, nous avons developpe un precede en deux etapes, consistant a 
charger les cellules avec la cF et a les incuber a 40°C en presence de glucose. L'intensite de 
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fluorescence des cellules est alors analysee par cytometric de flux. Les experiences d'efflux 
montrent une excellente correlation entre la viabilite des cellules de S. cerevisiae (determinee 
par numeration sur boite de Petri) et sa capacite a expulser le cF. 

La methode la plus couramment utilisee pour mesurer le pHin des bacteries est la 
determination de la distribution d'acides ou bases faibles radiomarquees avec une centrifugation 
en huile silicone. Les inconvenients de cette technique sont le temps de resolution limite et les 
effets negatifs potentiels des acides faibles sur le metabolisme cellulaire. L'application des 
techniques de fluorescence pour la mesure du pHin ont l'avantage d'un temps de resolution 
rapide et d'une simplicity d'utilisation. Dans le chapitre 4, nous decrirons une nouvelle 
methode basee sur les liaisons intracellulaires de la sonde fluorescente cFSE pour determiner 
le pHin des bacteries. Le cFSE peut etre integre par les bacteries sous la forme de son ester 
diacetate : 5(et 6)-carboxyfluoresceine diacetate succinimidyl ester (cFDASE) qui par la suite 
sera hydrolyse par des esterases en cFSE dans le cytoplasme. Le marqueur non lie peut etre 
expulse par une courte incubation des cellules en presence de sucre fermentescible, et ceci en 
exploitant le systeme de transport actif. Le pHin des cellules peut etre determine a partir du 
rapport du signal de fluorescence a la longueur d'onde pH dependant (490 nm) et le signal de 
fluorescence a la longueur d'onde pH independant (440 nm) du cFSE. La methode a ete utilisee 
avec succes pour determiner le pHin de Lactococcus lactis, Listeria innocua et Bacillus subtilis. 
Dans les bacteries a gram negatif comme Escherichia coli, l'utilisation de la methode cFSE 
peut etre compliquee par l'incapacite du prefluorochrome cFDASE (poids moleculaire 557) a 
passer la membrane externe de l'enveloppe de la cellule gram negative. Une courte incubation 
en presence d'EDTA peut palier a ce probleme. Quoi qu'il en soit, le traitement avec l'EDTA 
peut interferer avec un efflux actif du cFSE non lie et generer un gradient de pH significatif. 
L'avantage principal du cFSE est que cette sonde possede un efflux minimum, moins de 25% 
du cFSE ressort de la cellule apres 20 minutes a 30° C en comparaison avec un efflux de plus 
de 90% pour les autres analogues de la fluoresceine comme le cF et le BCECF. L'incor-
poration et la liaison du cFSE au cytoplasme des cellules n'affecte pas la viabilite des bacteries 
de maniere significative. 

Dans le chapitre 5, nous etudierons la germination des sporangiospores de Rhizopus 
oligosporus et le mecanisme d'action de l'acide nonanoi'c, un compose auto-inhibiteur produit 
par divers champignons. La germination des sporangiospores de R. oligosporus dans un milieu 
a l'extrait de malt est determine a l'aide d'une observation microscopique et par cytometric de 
flux. Dans l'extrait de malt, la taille des spores croit rapidement (gonflement) comme cela peut 
etre visualise par 1'augmentation du scatter aux petits angles dans la representation graphique 
(scatter aux grands angles/ scatter aux petits angles). Le gonflement des sporangiospores est 
accompagne par une augmentation du pHin, de meme, en presence d'acide nonanoi'c, 
l'augmentation du pHin n'a pas lieu et le gonflement est inhibe. Une modelisation est proposee 
dans lequel le pHin joue un role crucial dans la germination des sporangiospores de 
R. oligosporus. 
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Les detergents ont de nombreuses applications importantes que ce soit en recherche 
biologique et dans les precedes industriels. Nous avons etudie les effets du Triton X-100, 
detergent non ionique et du Lauryl sulfobetaine, detergent zwitterionique sur les bacteries a 
gram positif L. lactis et B. subtilis. Les deux detergents inhibent efficacement la croissance a 
une concentration inferieure a la concentration micellaire critique. Le Lauryl sulfobetaine 
permeabiliseefficacementB. subtilisetL. lactis, leTritonX-100 induit lalysechezB. subtilis. 

Le Triton X-100 ne permeabilise pas la membrane cytoplasmique de L. lactis energise et 
ceci peut etre demontre par (a) 1'acidification du milieu extracellulaire par L. lactis apres 
addition de lactose en presence de Triton X-100, indiquant que le systeme de transport du 
lactose et des enzymes glycolytiques fonctionne normallement, (b) le maintien des niveaux 
d'ATP intracellulaires en presence de Triton X-100, (c) l'activite negligeable de LDH dans le 
milieu extracellulaire apres 1 heure d'incubation en presence de Triton X-100, et (d) le 
maintien d'un gradient de pH en presence de hautes concentrations de Triton X-100 (0,2%). 
La resistance de L. lactis au Triton X-100 est plus particulierement due a la fonction 
protectrice de l'enveloppe membranaire, puisque les protoplastes sont tres sensibles a la 
permeabilisation. Par ailleurs, plusieurs experiences montrent que des cellules intactes de 
L. lactis demandent de l'energie pour resister a Taction du Triton X-100. L'addition de lactose 
(lOmM) est necessaire pour retablir le gradient de pH, et minimiser la fuite de LDH vers le 
milieu extracellulaire. Des recherches complementaires sont necessaires pour determiner si la 
resistance de L. lactis au Triton X-100 est effectuee par 1'intermediate d'un systeme de 
transport energie dependant. 

Dans la discussion generate, l'importance d'un systeme de transport energie dependant 
present dans les micro-organismes, le potentiel du pHin pour 1'evaluation de la viabilite 
cellulaire, et l'heterogeneite des cellules sont etudiees en detail. Des sondes fluorescentes 
comme la fluoresceine, la cF, le BCECF, la cFSE, la rhodamine 6G, le bromure d'ethidium, 
et le BCECF-AM peuvent etre expulses par des systemes de transport energie dependant. Ces 
systemes peuvent perturber le marquage des micro-organismes par des sondes fluorescentes 
comprenant des marquages ADN/ARN, 1'evaluation du pHin et la determination du potentiel 
membranaire. D'un autre cote, ces systemes peuvent etre appliques dans des tests de viabilite. 
Le pHin est un parametre potentiellement valable pour la mesure de la viabilite cellulaire. II 
existe vraiment plusieurs donnees montrant que le pHin peut etre relie directement au taux de 
croissance des bacteries et des levures. En conclusion les techniques fluorescentes offrent la 
possibilite d'etudier l'heterogeneite d'une population cellulaire en utilisant la microscopie, la 
cytometric de flux et l'analyse d'image. Ceci devrait contribuer a une meilleure comprehension 
des mecanismes impliques dans la selection des micro-organismes survivants a differentes 
conditions de stress. 

130 



Curriculum vitae 

Curriculum vitae 

Pieter Breeuwer werd geboren op 7 maart 1963 te Oosterbeek. Na het behalen van het 
Atheneum diploma aan de Willem de Zwijger scholengemeenschap in Papendrecht begon 
hij in 1982 met de studie Levenmiddelentechnologie aan de toenmalige Landbouwhoge-
school te Wageningen. Zijn stage-periode bracht hij door bij het "Department of Food 
Science" aan de Universiteit van Guelph, te Canada, waarna hij in november 1988 
afstudeerde aan de landbouwuniversiteit Wageningen. 

Na de studie was hij kort werkzaam bij Chemunex B.V. in Den Haag, waarna hij van 
juli 1990 tot januari 1992 zijn vervangende militaire dienst verricht heeft bij de sectie 
Levensmiddelenchemie en -microbiologic van de Landbouwuniversiteit. 

Van mei 1992 tot mei 1995 heeft hij gewerkt bij Chemunex S.A. in Maisons-Alfort, op 
zo'n twintig kilometer van het centrum van Parijs. Dit was in het kader van een "Training 
en Mobility Grant van de Europese gemeenschap", en in nauwe samenwerking met de 
sectie Levensmiddelen chemie en -microbiologic van de Landbouwuniversiteit. Aansluitend 
werd nog 18 maanden bij dezelfde sectie gewerkt als toegevoegd onderzoeker. In dit 
proefschrift is het onderzoek beschreven dat in deze vijf jaar is uitgevoerd. 

Sinds 1 maart 1996 is hij werkzaam bij de eerder genoemde sectie als Post-doc aan een 
STW project getiteld: Ontwikkeling van fluorescente technieken voor de bepaling van de 
levensvatbaarheid en vitaliteit van melkzuurbacterien en gisten in levensmiddelen. 

131 



Resume 

132 


