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Stellingen

Bij het bepalen van de intracellulaire pH (pH,} van micro-organismen met behulp
van fluorescente probes dient de calibratie van de pH,, te worden uitgevoerd door
meting van de pH-afhankelijke fluorescentie in ccllen na equilibratie van de pH;, en
de pH,; 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 onderzocksresultaten 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
microbiéel leven heeft bestaan op deze planeet.

McKay et al. 1996. Search for past life on Mars: possible relic biogenic activity in Martian meteorite
ALHB84001. Science 273:924-930.
Reichhardt, T. 1996, Lacks of Funds for technology could undermine Mars Mission Scietce. 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 fluoresceine
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.
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In plaats van drinkwater te importeren vanuit Noorwegen naar Nederland in zakken
van 100.000 liter via de Noordzee zouden de inspanningen om schoon oppervlakie-
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 onderzock volgens het "peer” review
systeem (e zijn beoordeeld.

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

Het onvoorwaardelijk afwijzen van cuthanasie 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 resuits
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. cerevisige cells (determined by plate count) and the
ability to translocate cF.

The intracellular pH (pH,,) 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
pH,.. In the presence of nonanoic acid, a self-inhibitor produced by various fungi, an
increase of the pH,, was prevented and swelling inhibited, suggesting a crucial role of the
pH,, in the germination of the spores.

The effects of detergents on the viability of Lactobarillus 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
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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
repreduce 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 guite vast (116). Moreover,
the viable plate count method can be frusirated 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. 10°® 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 (Ca’*, 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

- B WA

Ground state

5
4
3
2
1
Absorption Fluorescence

Relative J l

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™) is described by the
equation:

F(X) = £(8) g(A) ¢, L e(d,) bc

where fif) is a geometric factor, g(h) the Quantum efficiency of the detector, € the
Quantum efficiency (Quantum Yield) of the fluorescent molecule (all dimensiontess), I, the
excitation intensity (in W m?, (e(\,) the molar absorption coefficient at the absorbing
wavelength (in m* mol"), b the optical pathlength (in m), and ¢ the concentration of the
fluorescent molecule (in mol m®) (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 £, of fluorescent probes is determined by their photostability and excited
state lifetime (7). Tsien and Waggoner (140) caiculated from the e, ®, and 7 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 10% to 10° 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 I, does not necessarily increase the fluorescence intensity.

Currently, a large variety of fluorescent molecules with very different spectroscopic
properties is available for flucrescent labelling of microorganisms {Table 1). These probes
exploit different cell propertics such as cxistence 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. Immuncreagents. 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 (CY3)
(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 casily 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), Salmonelia spp. (24), Legioneila 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 algac 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 ¢ (1.96 x 10° m?
mol™”), and a high ® 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 1gG antibodies in an indirect
immunoassay (i.c. 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 (M, = 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 (AQ), 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 AQ in the direct epifluorescent filier 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 abserption maximum of
AO (bound to DNA) is at 490 nm (approx.) and the fluorescence around 520 nm (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 AQ is the more intense fluorescence, which for example
allowed detection of marine bacteria containing minuteé quantities (femtograms) of DNA
{122). DAPI binds preferentially to the A-T base pairs. The absorption of DAPI bound 1o
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 propertics of fluorescent probes used in microbiology®.

Probe® Extinction Quantum Absorption  Emission Measurement
coefficient yield maximum maximum conditions
(m* mol)* (nm) ()

Immumoreagents

R-Phycoerythrin 1.96 x 10¥ 0.68 480,570 578 pH 7, PBS

FITC 6700 0.71 490 520 pH 7, PBS

Nucleic acid probes

Ethidium bromide 300-600 o 370,530 622 + DNA

Propidium icdide 640 0.09 536 623 + H,O/DNA

Acridine orange 6500 - 480 520 + H,0/ds-DNA®
450 640 + 55-DNA"

DAPI 2700 - 360 460 + H,O/DNA

TGTO-1 11200 0.34 514 533 + DNA

PO-PRO-3 - - 532 562 + H,O/DNA

Physiological indicators

carboxyfluorescein 8200 - 492 514 pH9

BCECF 9400 - 505 530 high pH

Pyranine 2100 >0.9 454 513 high pH

Rhodamine 123 8500 0.9 51 534 in ethanol

CTF 450 570-660g* erystals

¢SNARF-1 4490 0.09 575 637 high pH

<FSE 6800 - 492 518 pH 9

DiOC (3 15400 0.05 484 501 in methanol

DiBAC,(3) 12300 - 493 516 in methanol

DiSCy(5) 24000 - 651 675 in methanol

Enzyme products’

fluorescein 2000 0.9 490 514 pH 9

4-MU 1700 - 360 450 pH®

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-1i,3-thiazole)-2-methylidenel-
quinolinium tetraiodide); PO-PRO-3, 4-[3-methyl-2,3-dihydro-(benzo-1,3-oxazole)-2-methylidene]-1-(3*-
trimethylammoniumpropyl)-pyridinium diiodide ; BCECF, 2',7"-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein;
CTF, 3-yan-1,5-di-tolyl-formazan; Pyranine, 8-hydroxy-i1,3,6-pyrene-trisulfonic acid; 4-MU, 7-hydroxy-4-
methylcoumarin; ¢SNARF-1, carboxy-seminaphtothodafluor-1 or 3-(and 6-) catboxy-10-dimethylamino-3-hydroxy-
spiro[7H-benzo[c]xanthene-7,1°(3" H)-isobenzofuran]-3'-one; cFSE, 5-(and-6)-carboxyfluorescein  succinimidyl
ester; DiOC,(3), 3,3-dihexyloxacarbocyanine iodide; DiBAC,(3), bis-(1,3-dibutylbarbituric acidjtrimethine oxonol.
DiS4(5); 3,3'dipropylthiadicarbocyanine iodide. © for expression in liter mol"' cm™” 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.
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Fig. 2. Targets for fluorescence labelling of bacteria. *, flucrescent probe; !\/\I\I*,
covalent binding of fluorescent probe; CM, cytoplasmic membrane; Rb, ribosomes; NR,
nuclear region; CW, cell wall; ET-Chain, electron transfer chain; ENZ, enzyme activity;
B- @, 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 siain 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; /\/\/\/*, covalent
binding of fluorescent probe; PM, plasma membrane; Rb, ribosomes; NU, nucleus; CW,
cell wall; Mi; Mitochondrion; Va, Vacuole, ER, endoplasmic reticulum; GC, goigi
coraplex; ENZ, enzyme activity; H-@, fluorescent precursor; ab, antibody.
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the fluorescence by resonance energy tramsfer. 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 extinciion coefficients, a high affinity for
DNA and RNA and a high photostability (40,136). These probes have molecular weighis 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-quinoliniom 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 (pH;), 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 pH;, in microorganisms include
carboxyfluorescein [cF] (48), 2°,7 -bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein
[BCECF] (81), 5-(and 6-) caiboxy-10-dimethylamino-3-hydroxy-spiro[ 7H-benzo[c]xanthene-
7,1°(3’ H)-isobenzofuran}-3*-one [¢SNARF-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 upiake 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 (392,110). 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-I (40,148). Haworth and co-workers (41,42) were the
first to apply this probe for determination of pH,, 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 possibie, is not optimal for maximum emission. cSNARF-1 could be incorporated
into the cells as its acetoxymethyl ester (cSNARF-1-AM). Moreover, the pK, 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 pH,, of acidophilic microor-
ganisms (108).

Recently, a novel method for determination of pH,, 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 pH,, 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):

AP = - BT 14 2]
nF [X]

o

where AV¥ is the membrane potential (in Volt), R is the gas constant (in J K), n is the
number of electrons per mole, F is the Faraday constant (in C mol™), T is temperature {(in
degrees Kelvin), [X]; is the concentration of the indicator inside the cell (in mol m?), and
[X], is the concentration outside the cell (in mol m?). 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 (DiOC(3)),
3,3-diethyloxacarbocyanine iodide (DiOC,(3)), and 3,3’-dipropylthiadicarbocyanine iodide
(DiS45), and the negatively charged bis-(1,3-dibutylbarbituric acid)trimethine oxonol
(DiBAC(3)) (23,51,55,71,72,73,83,94,97,142,145,154). Rhodamine 123, DiOCy(3) and
DiBAC,(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-
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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 refation 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 DiBAC,(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 accepior to prove the existence of redox enzymes in Ehrlich Ascites tumor cells.
Rodriquez et al.(111) demonstrated in 1992 that respiring bacterial cells can reduce CTC to
the red fluorescent, water-insoluble formazan product 3-cyan-1,5-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-
B-D-glucuronide, esterase substrates such as fluorescein diacetate (FDA), B-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 8-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), 1l-anilinonaphthalene-8-sulfonic acid, lipophilic carbo-
cyanines, 1,6 diphenyl-1,3,5-hexairiene (DPH) and its analog 1-(4-trimethylammonium-
phenyl)-6-phenyl-1,3,5-hexatriecne (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 10* 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”' pass an elliptical
beam with dimensions of 20 x 64 um, the exposure time to the excitation beam will be 10
us {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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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 simuitaneously 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 nced 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 membranc potential in bacteria such as Sraphylococcus 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.

{) 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-Amords et al. (67) concluded that the cytoplasmic
membrane remained intact in starved, non-culturable E. coli and Salmonelia 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 plate count method  2-5 days high sensitivity
membrane integrity methylene blue 30 min dye exclusion tests, i.e. viable cells wifl

cell morphology
(cell elongation)

respiration

enzyme activity

membrane potential

(negative inside)

pH gradient

presence of ATP

staining, influx
DNA probes

inhibition of cell éh
division by nalidixic acid
or other antibiotics

reduction tetra- 14 h
zolium dyes

Fluorescein diacetate 30 min
method (esterase act.)

Rhodamine 123, 1h
carboxycyanine dyes, oxonols

infracellular pH 1h
measurement
ATP determination 10 min

not be stained

only for antibiotic sensitive bacteria,
microscopical analysis elongated cells.

accumulation of insoluble formazan
products.

fluorescein is accumulated in intact cells
potential dependent distribution of dye

between cells and extracellular medium

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-1,3-oxazole)-2-methylidene]-1-(3°-trimethylammoniumpropyl)-
pyridinium diicdide (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.

(if) Changes in cell morphology. The application of the 4-quinolone antibiotic nalidixic
acid (1-ethyl-1,4-dihydro-7-methyl-4-oxo-1,8-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 clongated 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 wvuinificus (91,105), estimation of viable counts of several gram-
negative bacteria in an aquatic emvironment (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 comsiderably 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 Vibrie 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 eve, 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 10 the external environment, which results in 4 decreased signal
to noise ratioc (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 emergy-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 aguatic (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’-{1-[(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 itnmersion
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 10mM (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 tetrazolivm
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 tetraphenyiphosphonium (TPP*) iens (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 DiBAC, 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, DIiBAC, is accumulated in cells with dissipated membrane
potentials, The apparent advantage of DiBAC, is its simpler application, and prevention of
compartmentation (in mitochondria) in viable eucaryotic cells including yeast (26,51,71).
DiBAC, 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 pH,;, of
individual microorganisms, especially bacteria. Recently, a relationship was observed
between the ability to reproduce and the pH,, 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 ¢F 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 §. 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 (pH,,) 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 pH;, variations in bacteria, even under
severe stress conditions such as elevated temperatures, and exposure o 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 pH;, 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, pH,,, cytoplasmic membrane integrity, and other
metabolic parameters were determined to investigatc the effect of Triton X-100 and
N-dodecyl-N,N-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 pH,, 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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