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Analysis of environmental bacteria on the single cell level often requires fixation to store the cells and to keep
them in a state as near life-like as possible. Fixation procedures should furthermore counteract the increase
of autofluorescence, cell clogging, and distortion of surface characteristics. Additionally, they should meet the
specific fixation demands of both aerobically and anaerobically grown bacteria.

A fixation method was developed based on metal solutions in combination with sodium azide. The fixation
efficiencies of aluminium, barium, bismuth, cobalt, molybdenum, nickel, and tungsten salts were evaluated
by flow cytometric measurement of the DNA contents as a bacterial population/community stability marker.
Statistical equivalence testing was involved to permit highly reliable flow cytometric pattern evaluation.
Investigations were carried out with pure cultures representing environmentally important metabolic and
respiratory pathways as controls and with activated sludge as an example for highly diverse bacterial
communities.

A mixture of 5 mM barium chloride and nickel chloride, each and 10% sodium azide was found to be a
suitable fixative for all tested bacteria. The described method provided good sample stability for at least

Keywords:

Fixation procedures
Flow cytometry
Bacterial stability

Single cell analysis
Equivalence testing
Bacterial DNA
Fluorescence techniques

9 days.
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1. Introduction

Fixation of cells or whole tissues has the purpose to keep the
specimens in a state as near life-like as possible for reliable subsequent
analysis. Fixed specimens should be capable of withstanding further
preparative steps, transport, and storage without changes in cell
number, morphology or biochemical status (Hopwood, 1985). Histori-
cally, fixatives were designed to meet the demands of tissue fixation.
Most staining procedures were developed for fixed specimens, so
especially for histology a multitude of fixation procedures are avail-
able. The fixatives range from broad-band compounds such as glu-
taraldehyde (Hopwood, 1969) to specific ones such as Elftman's
fixative for lipids (Elftman, 1958). In general, the fixation efficiency is
determined by two main factors (i) the diffusion rate of the fixative
into the cell and (ii) the speed of its reaction with the target cell
components (Hopwood, 1969). Detergents were sometimes added
to accelerate the penetration of the fixatives into cells or tissues
(Hopwood, 1985). The most widely used fixatives for cells in sus-
pension are aldehydes and alcohols. Both of them have been proven to
be good fixatives for a wide variety of cell types ranging from human
blood cells to bacteria (Morel et al., 1971; Shapiro, 2002), but they also
have several shortcomings when it comes to cell analysis via flow
cytometry.
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Fixation procedures of bacteria for flow cytometric analysis should
meet more criteria than just morphological stability. The fixative
should not increase autofluorescence, which frequently arises when
aldehydes are used (Shapiro, 2002). Another undesired side effect of
aldehyde fixatives is the loss of double stranded DNA (dsDNA), as was
reported by Cotner and coworkers (2001) to occur to some degree in
Escherichia coli. Also, the fixative in question should not cause cell
aggregation, which is often induced by treatment with alcohols
(Schimenti and Jacobberger, 1992). Aggregate formation impedes
analysis of the properties of single cells within a population and
endangers the measurement itself by clogging the nozzle of the flow
cytometer. This aspect is of great consequence when dealing with
specimens like activated sludge or bacterial species, which tend to
form flocs (Giide, 1982). An increased occurrence of cell debris
(Schimenti and Jacobberger, 1992) and changed uptake behaviour of
dyes (Janatpour et al., 2002) are other negative facets of traditional
fixatives like alcohols. In addition to this, fixatives composed of
alcohols or aldehydes alter the refractive indices which leads to a
distortion of the light scatter signals and thus impedes a reliable
separation of a bacterial population from cell debris and the back-
ground noise of a flow cytometer (Cucci and Sieracki, 2001; Shapiro,
2002).

Even more important is to ensure the molecular stability of the
specimen and the integrity of its enzymatic content and metabolic
pools between sampling and analysis. The fixation of biologically
diverse activated sludge is a great challenge since it comprises a
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multitude of metabolic pathways and modes of respiration. Although
a 10% (1.54 M) sodium azide solution may be advantageous as a
fixative for aerobic bacteria, since it kills cells without increasing
autofluorescence and effectively prevents cell aggregation (Miiller,
2007), it is only occasionally applied. Azide inhibits the terminal
enzyme of the respiratory chain (cytochrome c oxidase, complex 1V)
causing lack of energy which leads, in combination with the osmotic
effects of this concentrated salt solution, to cell death and preserva-
tion (Palmieri and Klingenberg, 1967). Unfortunately, sodium azide is
ineffective for anaerobic organisms such as the methanogens, and
sulphate, iron, and nitrate reducing bacteria frequently found in
groundwater or activated sludge. Though nitrate reducers (about 70%)
are the most abundant anaerobes in activated sludge, iron reducers
(3%), sulphate reducers (1-2%), and methanogens (0.5%, Nielsen et al.,
2004) ought to be fixed too, preventing changes in population com-
position and sub-population ratios. Some fixation protocols for
anaerobic bacteria have been published that do not use aldehydes or
alcohols. Molybdenum for instance has been used successfully to-
gether with hydrogen peroxide and sodium azide for the fixation of
sulfate reducing bacteria (Vogt et al., 2005).

Metals are reported to act against components of the cell envelope
and to interfere with cell division, energy, and general metabolism
(cell growth and substrate utilisation). In most cases the mechanism of
action is currently unknown, but nevertheless metals are used as
potent inhibitors of anaerobic respiration and/or metabolic pathways
(Bogan et al., 2004; Prins et al., 1980; Takahashi et al., 1989; Thomas
et al., 1998; Cucci and Sieracki, 2001). To overcome the present limi-
tations in available fixation procedures, we tested species of alu-
minium, barium, bismuth, cobalt, molybdenum, nickel, and tungsten
salts for their capabilities to stop cell metabolism and growth. Table 1
gives a referenced overview of how these metals act on cells.

Since flow cytometry can provide information on the physiology of
bacteria at the level of the single cell (Miiller, 2007), it was used here to
test the fixation efficiency. Cell cycle activities and other cell related
properties such as cell size and sideward light scatter behaviour were
followed and used to differentiate between active and dead (fixed) cells.
The leading criterion was that fixed samples should maintain their sub-
population pattern distribution with regard to the aforementioned
parameters, while unfixed samples were expected to undergo changes.

The obtained flow cytometric data sets of activated sludge sam-
ples were too complex to rely on cell counts of sub-populations and
variations in their dye uptake steadiness (verified by mode value
comparison) only. Therefore equivalence testing was additionally
performed for statistical validation.

The paper describes a new fixation method based on the action of
metal ions in combination with sodium azide. The method was tested
for aerobic and anaerobic species commonly found in environmental
samples and is compatible with the requirements of flow cytometric
measurements.

2. Methods
2.1. Strains and culture conditions

Shewanella putrefaciens, Paracoccus denitrificans, Desulfovibrio
desulfuricans, and Methanomonas methylovora were obtained from
the UFZ strain collection. Methanosarcina barkeri (DSM 800) was
obtained from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Germany). The iron reducing strain Shewanella
putrefaciens was cultivated aerobically on DSM 1-Medium (DSMZ,
List of Media) and the methanol oxidising strain Methanomonas
methylovora was grown aerobically on methanol medium (ATCC 436).
Both strains were cultivated in batches of 300 ml each on a rotary
shaker at 30 °C and 150 rpm. The sulphate reducer Desulfovibrio
desulfuricans was grown anaerobically on DSM 63-medium and the
methanogenic archaeon Methanosarcina barkeri was grown on DSM
120-medium. Paracoccus denitrificans, a nitrate-reducing bacterium,
was grown aerobically on DSM 1-medium and anaerobically on a
denitrification medium described by Saez et al. (2003). Anaerobic
cultures were prepared in an anoxic glove box (gas atmosphere 95%
nitrogen, 5% hydrogen; Coy Laboratory Products Inc., Grass Lake, MI,
USA). Cultures were set up in 118-ml serum bottles which were filled
with 85-90 ml medium and 10-15% inoculum, closed tightly with
thick black rubber stoppers (Ochs, Bovenden/Lenglern, Germany) and
cultivated statically in the dark at 30 °C for Paracoccus denitrificans,
Desulfovibrio desulfuricans and 37 °C for Methanosarcina barkeri. Purity
of the cultures was checked regularly by streaking aliquots on agar
plates of the respective media (as given above) and by microscopic
observation.

Activated sludge sampled from the aeration tank of the wastewater
treatment plant Kaditz (Dresden, Germany) was cultivated for 2 weeks
in batches on a rotary shaker at 30 °C and 150 rpm under aerobic and
anaerobic conditions, alternating every 12 h. Medium (10% v/v) was
supplied in the anaerobic phase and the culture sparged with nitrogen
for at least 30 min. After 12 h the culture was sparged with air for at
least 30 min. The medium was a modified synthetic waste water
medium described by Hrenovic et al. (2003) which contained (L™'):
0.5 g sodium propionate, 1 g sodium acetate, 0.1 g peptone from meat
(pancreatic), 0.01 g MgSQ,4, 0.006 g CaCl, CaCl,-6H,0, 0.03 g KC1,0.22 g
KH,PO,4 and 0.02 g yeast extract (pH 7).

Bacterial growth was measured photometrically at 700 nm (Model
Ultrospec Il Amersham Biosciences Europe, dqyyee=0.5 cm).

2.2. Cell fixation

Cells of pure cultures were harvested in the early exponential
phase of growth and washed twice with phosphate-buffered saline
(PBS: 0.4 M Na,HPO4/NaH,PO4, 150 mM NaCl, pH 7.2) by centrifuga-
tion at 3200 xg for 5 min. Activated sludge samples were taken from

Table 1

Targets of the tested fixation agents within cells and inhibited metabolic/respiratory pathways

Action on/inhibition of Al Ba Bi Co Mo Ni w NaNj;
Cell envelope +1[5, 7, 8] +[1] +[13] +[21, 24]

Cell division +[6, 7, 8] +[29] +[3] +[10,12] +[24]

General metabolism +[8] +[29] +[2] +[9] +[22] +[14]

Energy metabolism +[4, 7, 8] +[3] +[11] +[28] +[17,18]
Respiratory chain +[19,20]
Sulfate reduction +[9,15] +[23]

Nitrate reduction +[9] +[14, 24, 26, 27] (+) [16, 18]
Methanogenesis +[23] +[23]

Literature cited is given in square brackets.

+: action towards the target, (+): action against the target depending on the species tested.

Cited literature: [1] Stratton et al., 1999; [2] Zhang et al., 2006; [3] Domenico et al., 1996; [4] Martin, 1986; [5] Gutteridge et al., 1985; [6] Wood, 1995; [7] Illmer and Erlebach, 2003;
[8] Amonette et al., 2003; [9] Bogan et al., 2004; [10] Crawford et al., 1974; [11] Suzuki et al., 1978; [12] Theodotou et al., 1976; [13] McKillen and Spencer, 1970; [14] Prins et al., 1980;
[15] Wilson and Bandurski, 1958; [16] Carr and Ferguson, 1990; [17] Palmieri and Klingenberg, 1967; [18] Petersen, 1977; [19] Sell, 2001; [20] Sell, 2004; [21] Boswell et al., 1998;
[22] Lombrana et al., 1993; [23] Sai Ram et al., 2000; [24] Sigee and Al-Rabaee, 1986; [25] Deng et al., 1989; [26] Johnson et al., 1974; [27] Takahashi et al., 1989; [28] Kelly et al., 2004;

[29] International Programme on Chemical Safety, 1990.
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the aerobic and anaerobic phase and washed twice with PBS involving
centrifugation at 3200 xg for 10 min. The remaining pellet was re-
suspended in an appropriate amount of fixation buffer (1 ml buffer for
app. 3*108 cells ml™!) and the sample stored in a glass tube at 4 °C.

Fixation of pure cultures was done by using the following metal salts
as fixatives: aluminium nitrate nonahydrate (Al(NOs);-9H,0; Fluka,
Switzerland), barium chloride 2-hydrate (BaCl,-2H,0; Laborchemie
Apolda, Germany), sodium molybdate 2-hydrate (Na,MoO42H,0;
Riedel-de Haén, Seelze, Germany), sodium tungstate (NayWOy;
Berlin-Chemie, Germany), bismuth nitrate oxide (Bi(O)NOs; Fluka,
Switzerland), nickel (II) chloride hexahydrate (NiCl,-6H,0; Merck,
Germany) and cobalt (II) nitrate hexahydrate (Co(NOs),-6H,0; Riedel-
de Haén, Seelze, Germany). Each of the metal salts was dissolved to give
a concentration of 5 mM in PBS. Sodium azide (Merck, Germany) was
added to give a 10% solution. The pH was adjusted to 7.0 with either
NaOH or HCl. A solution of 10% sodium azide in PBS and selected
mixtures of metal ions (BaCl,, NiCl,, Bi(O)NO3 or BaCl,, NiCl,; 5 mM
each in PBS) with 10% sodium azide were also tested.

Activated sludge was grown in batches under aerobic and an-
aerobic conditions (alternating every 12 h). Samples were taken after
four days from the aerobic and the anaerobic phases, 2 h after the
respective shifts. After washing, the samples were treated with four
metal combinations, each containing 10% sodium azide (in PBS) and
respectively: (1) 5 mM BaCl, and 5 mM NiCl,, (2) 15 mM BaCl, and
15 mM NiCl,, (3) 5 mM BaCl,, 5 mM NiCl, and 0.41 mM Tween 20
(Merck, Germany), or (4) 15 mM BaCl,, 15 mM NiCl, and 0.41 mM
Tween 20. Cryopreservation involving resuspending the cells in ice-
cold PBS or ice-cold PBS containing 15% glycerine (Laborchemie
Apolda, Germany) followed by storing aliquots of 1 ml at —=20 °C was
also tested. Unfixed cells harvested at the aerobic and anaerobic
phases served as controls. They were washed and resuspended in the
same volume of PBS as above. All tests were carried out in duplicates.
Flow cytometric measurements were performed on all samples re-
peatedly over at least 30 days.

2.3. Cell preparation

DNA content patterns of preserved cells used to test the population
stability were obtained in the following way. Aliquots of the fixed
samples were washed twice with PBS (3200 xg for 10 min) and the
resulting pellet was resuspended in buffer to yield an optical density
of 0.033 corresponding to an average cell density of 3*108 cells ml™".
For activated sludge exhibiting strong floc formation it was necessary
to subject the samples to 10 min sonication in a water bath (ultrasonic
bath, Merck Eurolab, Darmstadt, Germany) prior to adjustment of the
optical density. Diluted cell suspensions (2 ml) were treated with 1 ml
solution A (0.11 M citric acid/4.1 mM Tween 20 in bidistilled water) for
20 min. Then, the cells were washed and resuspended carefully in 2 ml
solution B (0.24 uM 4’,6-diamidino-2’-phenylindole (DAPI, SIGMA),
400 mM Na,HPO,, pH 7.0) for at least 60 min in the dark at room
temperature using a modification of a standard procedure (Meistrich
et al., 1978). Before flow cytometric analysis the DAPI stained samples
were filtered through filters with a pore diameter of 30 um (CellTrics®,
Partec, Munster, Germany) to prevent clogging of the nozzle by salt
crystals or debris.

As an internal standard for fluorescence and size a bead suspension
(Fluoresbrite BB Carboxylate microspheres, 1 um, Polyscience, USA)
was added to each sample prior to measurement.

2.4. Flow cytometry

Analyses were carried out using a MoFlo cell sorter (DakoCytoma-
tion, Fort Collins, CO) equipped with two water-cooled argon-ion lasers
(Innova 90C and Innova 70C from Coherent, Santa Clara, CA). Excitation
0of 400 mW at 488 nm was used to analyze the forward scatter (FSC) and
side scatter (SSC) signals at the first observation point, with SSC as

trigger signal. DAPI was excited by 75 mW of multiline (333-365 nm)
ultraviolet light (ML-UV) at the second observation point. The SSC
signal was first deflected by a beamsplitter and then recorded after
reflection by a 555 nm long-pass dichroic mirror and passage by a
505 nm short-pass dichroic mirror and a 488 nm, 10 nm bandwidth
(488/10) bandpass filter. DAPI fluorescence was passed through a 450/
65 band pass filter. Photomultiplier tubes were obtained from
Hamamatsu Photonics (models R 928 and R 3896; Hamamatsu City).
Amplification was carried out at linear or logarithmic scales, depend-
ing on the application. Fluorescent beads (yellow-green fluorescent
beads: 2 um, FluoSpheres 505/515, F-8827, blue fluorescent beads:
1 pm, FluoSpheres 350/440, F-8815, crimson fluorescent beads: 1 pm,
FluoSpheres 625/645, F-8816, Molecular Probes Eugene, Oregon, USA)
were used to align the MoFlo. Also, an internal DAPI-stained bacterial
cell standard was introduced for tuning the device up to a coefficient of
variation (CV) value not higher than 5%.

2.5. Data evaluation

For each sample up to 500,000 events (cells and electronic noise)
were recorded at a rate not exceeding 1000 events per second and the
data obtained were evaluated using Summit software v3.1 (DakoCy-
tomation, Fort Collins, CO). For each sample sub-populations/sub-
communities comprising individuals with similar properties in
fluorescence (DNA content-related blue fluorescence standing for
chromosome contents) and forward scatter (cell size) were marked
with gates and the cell numbers therein estimated (see Fig. 1 a and b).
Cell numbers usually ranged from 80,000 to 350,000 cells per
histogram. Gates were chosen according to cells with similar
fluorescence and size properties (see Fig. 1, white ellipses). Each gate
confines either a sub-population in pure cultures (Fig. 1 b) or a sub-
community in mixed cultures (Fig. 1 a). The general gate setting
strategy is presented by the lot of the white ellipses in the Fig. 1 as well
as 2 and is used in this way for every sample investigated. The results
of this scheme are presented in the Supplemental Information 1 and 2.
To determine the sample stability each fixation technique was verified
by harvesting separate samples from different cultivation phases and
by analysing them after various fixation periods.

2.6. Statistical theory and analysis

Two main classes of hypothesis testing can be distinguished:
significance tests and equivalence tests. Most studies in medicine and
pharmacology, biology and related fields use significance tests to
detect statistically significant differences between two or more data
sets (Streiner, 2003). In this study the criterion for the effectiveness of
fixatives (sample stability) is the equivalence of data sets created at
different times after the fixation. To prove the equivalence of two data
sets an equivalence test needs to be applied. The null hypothesis is
that two data sets are not equal

H() TMFEN (1)

and the corresponding alternative hypothesis is

HA Ny =ny. (2)
So, if Hp can be rejected the two data sets are taken as equivalent.

Since for several reasons (sampling faults, natural variability of the

measured parameters in biological systems) two data sets can never

be truly identical. For reliability of data evaluation the variation be-

tween two data sets (Aexperiment) Should be equal/lower than a pre-
defined tolerable variation (Apredefined tolerances Garrett, 1997).

Hy @ ny = Ny, Aexperiment < Apredefined tolerance- (3)
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Fig. 1. Dot plots of activated sludge (a, harvested after the fourth run of the aerobic phase in a bioreactor and fixed for 9 days) and the denitrifying bacterium Paracoccus denitrificans
(b, harvested at the early exponential phase of growth and fixed for 9 days). Both samples were fixed with a mixture composed of barium, nickel (5 mM each) and 10% sodium azide.
Gate setting strategy is generally shown by the white ellipses. Here, main subsets of cells within this bacterial community and the pure culture are marked with prominent (white)
ellipses, electronic noise with black ellipses and blue fluorescent beads with dotted black ellipses.

We have applied a two-tailed test which is appropriate for data
sets of largely invariable size (Streiner, 2003; Barker et al., 2002). The
method requires setting a positive and negative limit for the un-
avoidable technically caused variations between the data sets. This so
called confidence interval (Aconfidence) 1S €Xpected to encompass the
parameter of interest with a defined degree of certainty.

To determine the confidence intervals first the standard deviation
(o) of the data sets has to be estimated (for reference see Wellek,
2003)

0 = /(o(1~fo) /o) + (fe(1=h) /) 4)

wherein fy is the relative frequency of cells within a respective sub-
population/sub-community at day 0, f, the relative frequency of cells
within the respective sub-population/sub-community at day x, ny the
number of all analyzed cells at day 0 and n, the number of all analyzed
cells at day x.

Second, the CV-value (probability of error) of flow cytometric
analyses needs to be considered, which is already stated to be below
5%. In this case for samples with a high number of individuals (n) there
is a factor called quantile z with z=1.645 (Wellek, 2003).

So the confidence intervals of the data sets are estimated as follows

fofi-o*z: fo-fu +0*2. (5)

For rating data sets as equivalent additionally a tolerance interval
has to be set, which gives information about natural variability of
the samples. If the confidence interval is contained in the tolerance
interval, the two compared data sets are said to be equivalent. The
tolerance interval (Apredefined tolerance; ~A, A) was estimated using
Eq. (6), wherein p is the maximum proportion to which the sub-

population/sub-community is allowed to vary. As we included highly
complex activated sludge the maximally acceptable tolerance was set
to 25%.

A=p*fo. (6)

Hence, confidence intervals [5] were calculated for every sub-
population/sub-community of every fixation at every sampling point.
If the proportions of the cells of all sub-populations or sub-
communities of one sample (day O to day x) are within the 25%
range then the confidence interval fits into the tolerance interval and
the sample is regarded as stable. If in contrast a single confidence
interval of only one sub-population or sub-community lies outside the
tolerance interval then the whole sample is non-equivalent meaning
that the community is regarded as unstable (sample labelled with ———-;
see Tables 2 and 3).

Higher resolution was addressed by defining a strict tolerance
value of 10% from day 0 to day x. Sub-populations/sub-communities
whose confidence interval fit into the resulting strict tolerance
interval were stated as exceptionally stable. This led to the following
classification of results: When the cell number variation of 100-75% of
all sub-populations/sub-communities in a sample stayed below the
strict 10% tolerance value (=exceptionally stable sub-populations/sub-
communities) the sample was marked with + +, and if only 74-50% of a
samples' sub-population/sub-communities stayed stable the sample
was labelled with +, followed by 49-25% with - and 24-0% with - -,
respectively (see Tables 2 and 3).

A summary of the behaviours of sub-populations/sub-commu-
nities of all samples regarding the 25% and the 10% stability criteria is
given in Supplemental 1 (Pure Cultures) And 2 (Mixed Cultures).

Table 2

Pure cultures with different types of metabolism were analyzed towards the fixative reaction of several metal/azide solutions

Type of metabolism Organism (culture conditions) Al' Ba' Bi' Co! Mo' Ni' w! NaN3 Ba, Ni, Bi' Ba, Ni'
Sulfate reduction Desulfovibrio desulfuricans (anaerobic) === ++ == === ++ ++ == === ++ ++
Iron reduction Shewanella putrefaciens (aerobic) === ++ + === === + === === + ++
Denitrification Paracoccus denitrificans (anaerobic) == ++ soo c=o == e + c=o soe +
Aerobic growth Paracoccus denitrificans (aerobic) === + === === === + + === + ++
Methane oxidation Methanomonas methylovora (aerobic) === ++ === === === + + === == ++
Methanogenic Methanosarcina barkeri (anaerobic) n.d. n.d. n.d. n.d. n.d. n.d. n.d. c=o = ++

Samples fitting in the 10% tolerance interval with 100-75% of the sub-populations/sub-communities are marked with + +, those fitting to 74-50% with +, 49-25% with - and those
fitting to 24-0% are marked with - —. Samples where at least one sub-population/sub-community fits not in the 25% tolerance interval are marked with - - -. n.d.: not determined.

I: in PBS with 10% sodium azide.
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Table 3
Samples from both phases of an alternating (aerobic/anaerobic) cultivation of activated
sludge tested for stability without and after treatment with fixatives or freezing

Unfixed NaN3 5mM 15 mM 5mM 15mM PBS PBS®

Ba, Ni' Ba, Ni' Ba, Ni'? Ba, Ni? (-20°C) (-20 °C)
Aerobic === -—- ++ - === - __Z —__
Anaerobic --- -—- ++ + —== coo - -

Samples fitting in the 10% tolerance interval with 100-75% of the sub-populations/sub-
communities are marked with + +, those fitting to 74-50% with +, 49-25% with - and
those fitting to 24-0% are marked with - —. Samples where at least one sub-population/
sub-community did not fit in the 25% tolerance interval are marked with - - -.

!+ in PBS with 10% sodium azide.

2: 0.5 g I-1 Tween 20.

3:15% glycerine.

2.7. Microscopy

To verify reliable staining, purity, and cell morphology under fixa-
tion conditions, the cells were subjected to image analysis (micro-
scope: Axioskope, Zeiss; camera: DXC-9100P; software: Openlab 3.1.4.,
Improvision, Lexington, MA) using light from a 100 W mercury arc
lamp. The Zeiss filter set 02 (excitation G 365, BS 395, emission LP 420)
was used for examining blue fluorescence of DAPI stained cells.

3. Results

Stable cell sizes and cellular DNA contents were used as criteria for
the fixation efficiency of seven different metal salts on five pure
cultures and a highly heterogenic bacterial community that was
grown under a regime of alternating aerobic and anaerobic conditions.
The DNA content can be seen as an activity marker since it gives
information on DNA replication and cell division, whereas the forward
scatter, which is indicative of cell size, is a marker of morphological
integrity. Histograms (Fig. 1) cluster the cells according to their DNA
contents and cell sizes in so-called sub-distributions.

In a pure culture each sub-distribution groups cells similar in
numbers of chromosome equivalents, i.e. cells in the same phase of
the cell cycle. In highly diverse bacterial communities sub-distribu-
tions do not have such a simple meaning, but group various cell types
that have certain DNA contents in common. In both cases, changes of
cell numbers within a sub-distribution result from losses or gains of
this group indicating low overall fixation efficiency. The degree of
change in cell number within sub-distributions is thus a derived
measure of fixation efficiency. Pure cultures were harvested from the
early exponential phase of growth. Activated sludge served as highly
diverse bacterial community sample. It was harvested from anaerobic
and aerobic periods of the process. All samples were microscopically
inspected in parallel to confirm the flow cytometric results.

3.1. Fixation of pure cultures

DNA patterns of pure bacterial cultures were analysed. Fractions of
the population that are distinguished by their contents of chromo-
some equivalents are given in percent with the positions in the
histogram (data not shown) indicated by the mode values (in square
brackets) as follows: Desulfovibrio desulfuricans (sulfate reducer; 3
sub-populations: 45% [10], 44% [22],10% [43]), Shewanella putrefaciens
(iron reducer; 5 sub-populations: 28% [22], 27% [60], 35% [120], 6%
[180], 6% [230]), Paracoccus denitrificans (4 sub-populations under
aerobic conditions: 38% [22], 45% [44], 6% [90], 7% [180] and 4 sub-
populations under anaerobic conditions (nitrate reducer): 1% [12], 86%
[24], 12% [44], 1% [82]), Methanomonas methylovora (methylotrophic;
4 sub-populations: 3% [8], 59% [17], 26% [31], 9% [58]) and Methano-
sarcina barkeri (methanogenic; 6 sub-populations: 5% [17], 36% [56],
33%[105], 8% [160], 11% [205] , 7% [311]).

Detailed results of fixation efficiencies, i.e. stable sub-populations
fitting in the 10% and in the 25% tolerance intervals (x out of y) are

displayed in Supplemental 1 and summarized in table 2. Aluminium
generally failed to fix our test organisms. Changes in sample com-
position were found within less than 7 days; therefore the fixation
was classified as unstable. In contrast, barium showed exceptionally
stable fixation qualities for all tested strains (4/4 sub-populations)
with slightly reduced stability (3/4) of aerobically grown Paracoccus
denitrificans. Bismuth that had been shown to inhibit nitrate reducers
(see table 1), showed nearly no fixative effect on Paracoccus
denitrificans and other species (therefore classified unstable) except
for some effect on the iron reducer Shewanella putrefaciens (3/5) and
the sulphate reducer Desulfovibrio desulfuricans (1/3). Like aluminium,
cobalt showed no fixative effect on the investigated strains (unstable).
Molybdenum fixed Desulfovibrio desulfuricans efficiently (3/3), but
failed to fix any of the other test strains. Inhibition of sulphate re-
ducers is in agreement with the results of other groups (table 1).
Fixation with nickel was exceptionally stable for Desulfovibrio desulfur-
icans (3/3) and stable for Shewanella putrefaciens (3/5), Methanomonas
methylovora (2/4) and the aerobic grown Paracoccus denitrificans (3/4).
Tungsten, a known inhibitor of nitrate reducers (Table 1), exhibited
some fixative effect on Methanomonas methylovora (2/4) and Para-
coccus denitrificans (aerobic: 3/4; anaerobic: 2/4), but not on the other
test organisms. Sodium azide, known otherwise as a potent fixative of
aerobic bacteria, failed to fix our test strains.

A combination of barium, nickel, and bismuth (each 5 mM) showed
exceptionally stable fixative effects for Desulfovibrio desulfuricans even
for 17 days (3/3). Stable fixation was also found with Shewanella
putrefaciens (3/5) and the aerobic grown Paracoccus denitrificans (2/4)
both after 9 days. The most effective combination (=exceptional stable)
was a binary mixture of 5 mM barium and nickel each, in 10% sodium
azide solution; all sub-populations remained within the 10% tolerance
for at least 9 days, with slightly reduced fixative effect on the an-
aerobically grown Paracoccus denitrificans (2/4).

3.2. Fixation of highly diverse cultures

Metal salts proven to be useful fixatives for pure cultures were
used in two different concentrations (5 and 15 mM) to fix samples of
the highly diverse bacterial community present in activated sludge.
Such samples were applied with and without addition of a detergent
(Tween 20) expected to accelerate the penetration of the fixatives.
Fixation by cryopreservation of the cells at =20 °C with and without
addition of glycerine as a cryoprotective agent was also investigated.
Unfixed specimens of both cultivation phases (aerobic/anaerobic)
served as controls and were preserved in 10% NaN3 30 min before DNA
staining and cytometric analysis.

Activated sludge samples showed up to 15 different sub-commu-
nities. Their proportions ranged between 0.2 and over 20% of the cells
analyzed within the community, depending on fixation efficiency
and aerobic or anaerobic phase in the cultivation reactor. Results of
these experiments are summarized in Table 3 and details are given in
Supplemental 2. As expected, the sub-community patterns of unfixed
samples greatly changed after just 1 day, regardless of whether the
samples were taken from the aerobic or anaerobic cultivation phases.
The same held true for the samples treated with pure 10% sodium
azide and the combinations of 5 to 15 mM barium and nickel salts in
the presence of 10% sodium azide amended with 0.41 mM Tween 20.
Aerobic as well as anaerobic samples showed early changes.
Cryopreservation failed to fix the cells properly (see Supplemental 2
for details).

The higher concentrated mixture of barium and nickel salts
(15 mM) resulted in up to 7 days stable fixation for cells harvested
in the aerobic growth phase (7/15) and anaerobic growth phase (11/
15), but thereafter fixation was classified as unstable.

Of all treatments the combination of 5 mM barium and nickel salts
in the presence of 10% sodium azide resulted in a satisfactory fixa-
tive effect for about 9 days, regardless of the cultivation conditions
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Fig. 2. Dot plots of activated sludge samples from the anaerobic phase (fourth run) fixed with 10% sodium azide and 5 mM barium and nickel each. The histograms presented cells
form activated sludge fixed and analyzed after 1 day (a) and 9 days (b). The control (c) was not fixed and was analyzed after 1 day storage. Gate setting strategy is generally shown by
the white ellipses. Here, main subsets of cells within the bacterial community are marked with white ellipses, electronic noise with black ellipses and blue fluorescent beads with
dotted black ellipses. Emerging sub-communities in the unfixed sample are highlighted with arrows.

(anaerobic: 11/15, aerobic: 12/15). As an example the DNA/FSC pat-
terns of a sample harvested during the anaerobic phase of activated
sludge bioreactor (fourth run) are shown in Fig. 2. Nearly no changes
of sub-community patterns can be observed when the cells were fixed
for 1 day (a) and 9 days (b). However, the unfixed cells of the same
sample showed substantial differences (see arrows) after only 1 day
storage at 4 °C (c).

4. Discussion

Fixation of bacterial cells to ensure reliable flow cytometric analy-
ses is not trivial if the samples contain various anaerobic or facultative
anaerobic bacterial species, since this requires a broad-band fixative.

Some fixation methods for the analysis and storage of marine
consortia or bacteria from the human fecal microflora have been
described before (Kamiya et al., 2007; Rochet et al., 2004). They are
mainly based upon fixation in 4% paraformaldehyde solutions and
storage in liquid nitrogen at -80 °C (Kamiya et al., 2007). Despite the
reported possibility of prolonged FISH staining there are some
drawbacks where constancy of cell numbers or staining of intracel-
lular compounds by fluorescent dyes are concerned (Kamiya et al.,
2007). Decreases in cell number after fixation were observed by many
researchers (Amann et al., 1990; DeLong et al., 1999; Maruyama and
Sunamura, 2000; Rochet et al., 2004). For samples fixed on filters, cell
stability for 2 to 16 month was reported, whereas liquid samples
changed their properties after less than 2 weeks (Amann et al., 1990).

Here we propose a reliable fixation technique for flow cytometric
analysis of a wide range of aerobically and anaerobically grown pure
bacterial cultures or communities. The reliability of the technique was
followed by means of DNA/FSC population pattern distributions as
main stability parameter and statistical equivalence testing (two-
tailed test). The statistical equivalence test applied is able to prove the
stability of the multivariate samples over time see Methods. Such
testing was first developed in the context of pharmacokinetics and
later applied to the field of clinical trials in medicine (Tubert-Bitter et
al., 2000).

In this paper, the fixation effects of seven metal salts on the sample
stability of bacterial populations cultivated under anaerobic or aerobic
conditions were investigated. Most of the metal salts have been shown
to interfere with cell growth, metabolism, cell division, and energy
metabolism and to have inhibitory effects on environmentally im-
portant anaerobic pathways through enzyme inhibition (see Table 1).
Our experiments (6 different cultivations) with 5 pure cultures re-
vealed that barium, bismuth, molybdenum, nickel, tungsten, and alu-

minium salts showed fixative effects towards 5 (Ba), 2 (Bi), 1 (Mo),
5 (Ni), 3 (W), 1(Al) of the tested bacterial species (see Table 2,
Supplemental 1), while cobalt seemed to have no fixative effect.

The most convincing results were obtained by treatment with
barium salt. It is described as leading to a decrease in enzyme for-
mation, and inhibiting dehydrogenases and lipolytic enzyme activity
(International Programme on Chemical Safety, Geneva, 1990). Barium
salts were also shown to be antagonistic to K* and Ca®* concentrations
and to cause loss of polyribosomes (Baldi et al.,, 1996) as well as a
reduction in the amount of monoribosomes (Reisner et al., 1975).
Even though full broad-band activity was not observed, 5 species
(Desulfovibrio desulfuricans, Shewanella putrefaciens Paracoccus deni-
trificans (anaerobic grown), Methanomonas methylovora and Metha-
nosarcina barkeri) were susceptible to barium salt fixation and showed
good stability over 7 days of fixation. For unknown reasons aero-
bic grown Paracoccus denitrificans showed a limited stability after
fixation.

Next to barium nickel salt was the second best fixative. The lit-
erature lists several possible modes of action: Membrane permeabi-
lisation, growth inhibition due to inhibited peptide synthesis (nickel
nitrate, Boswell et al., 1998), and plasmolysis (nickel chloride, Sigee
and Al-Rabaee, 1986) were common reactions of nickel treated cells. In
our experiments, we occasionally noticed such cell destruction as
indicated by cell debris. However, we did not observe changed cell
morphology as described by some authors. It may be speculated that
the PBS buffer used for dissolving the metal salt enhanced the osmotic
stability of the cells. According to Sai Ram et al. (2000) nickel chloride
salt also causes an overall inhibition of anaerobic degradation pro-
cesses due to inhibited H, uptake and hindered acetate/propionate
utilization. Anaerobic processes most affected are described to be
methane production and sulfate reduction. The inhibition of sulfate
reducers was confirmed in our experiments, because Desulfovibrio
desulfuricans was successfully fixed. Good fixation was also observed
for Shewanella putrefaciens, Paracoccus denitrificans (aerobic growth),
and Methanomonas methylovora.

Another metallic compound suited for fixation was tungsten salt.
This compound acts homologous to molybdenum salt, which is com-
monly found as a constituent of enzymes involved in redox-reactions
(Johnson et al., 1974). Because of chemical similarity, tungsten is able
to replace molybdenum in the active sites of molybdenum enzymes,
causing enzyme inactivation and a deregulation of gene expression of
structural genes in higher plants (Deng et al., 1989). Enzymes con-
taining molybdenum as a cofactor are widespread in nature, including
xanthine oxidase, formate oxidase, sulfite oxidase, and the nitrate
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reductase needed for denitrification. Although Kajikawa et al. (2003)
did not find general inhibition of methane oxidation by tungsten salts,
in our experiment the compound evidently inhibited the methylo-
trophic bacterium Methanomonas methylovora. Also, the denitrifying
strain Paracoccus denitrificans (aerobically and anaerobically grown)
was inhibited which is in accordance with results of Prins et al. (1980).

Molybdenum salt, in contrast, obviously stimulates growth of
Paracoccus denitrificans (anaerobically grown) instead of having a
fixative effect as has been suggested by Cole et al. (1986). This is
because moybdenum is an essential component of several enzymes of
this organism (for instance nitrogenase and nitrate reductase). An
opposite effect is found in the sulfate reducer Desulfovibrio desulfur-
icans, which was readily fixed with molybdenum salt, known to be a
useful inhibitor of sulfate reduction (Yadav and Archer, 1989) although
the mode of action is still not clear. It was stated that molybdenum
leads to irreversible cleavage of ATP (molybdolysis, McKillen and
Spencer, 1970), which prevents enzymatic activation of sulfate
(Wilson and Bandurski, 1958). There is also a competitive transport
of molybdenum, sulfate and thiosulfate, preventing the accumulation
of sulfate in the cells (McKillen and Spencer, 1970).

Bismuth salt, which showed a sufficient fixation only for the iron
reducer Shewanella putrefaciens, has been reported to interfere with
iron transport due to similar electronic valence. This antagonism to
iron via non-specific competitive interference leads to iron starvation
of cells (Domenico et al., 1996). In addition to the iron antagonism
bismuth salt also exhibits a high affinity for thiol groups. This affinity
leads to interference with iron-sulfur centres of enzymes involved in
ATP synthesis (F;-ATPase) and therefore to energy depletion of cells
(Domenico et al., 1996). Stratton et al. (1999) reported increased cell
permeability after bismuth treatment due to disruption of the
glycocalix cell wall structure via displacement of divalent cations
(Mg?", Ca").

The other tested metals (aluminium and cobalt) as well as the 10%
sodium azide solution showed no effect on the tested bacteria. This
was expected for the anaerobic organisms, but not for aerobically
grown bacteria. However, lack of fixation efficiency may be due to
resistances and/or altered enzyme expressions. Some Escherichia coli
mutants are reported to exhibit an azide tolerance due to enhanced
expression of the inducible cytochrome a,, which makes the cells
insensitive towards azide (Arima and Oka, 1965). Furthermore, Para-
coccus denitrificans was shown by Calder et al. (1980) to grow in the
presence of azide when cultivated under low oxygen conditions.
Presence of 0.1 mM sodium azide in these cultures induced not only a
higher amount of cytochrome b but also an increased expression of
nitrate reductase. Since effects of fixation and storage vary with the
organism under investigation and the cell status, one should always
test if the fixation method in question is suited for the particular
specimen.

On the basis of the above results we tested additionally a 5 mM
(each) solution of bismuth, nickel, barium supplemented with 10%
sodium azide as well as a 5 mM (each) solution of nickel, barium, and
10% sodium azide. The last of these turned out to be most effective,
allowing good fixation of Desulfovibrio desulfuricans, Shewanella
putrefaciens, Paracoccus denitrificans (aerobic grown), Methanomonas
methylovora and Methanosarcina barkeri and sufficient fixation of
Paracoccus denitrificans (anaerobically grown) for at least 9 days.

Samples from wastewater treatment plants are known to tolerate
higher metal concentrations than pure cultures isolated from
activated sludge. This is due to trapping of the metals in the floc
matrix, binding to extracellular polymers, metabolism, accumulation
in dead organisms, and precipitation as sulphide complexes (Kelly
et al., 2004). Toxicity towards activated sludge samples is additionally
influenced by diverse factors such as the metal itself, soluble
concentration, amount of suspended organic material, sludge age,
concentration of other ions and bacterial community structure (Brown
and Lester, 1979). To reduce those negative effects on the fixation

procedure, the cells have to be washed thoroughly and suspended at a
rather low density within the fixative to assure that enough soluble
metal ions are available for the fixation reaction.

In order to accelerate the penetration of the metal salts into cell
aggregates, additional factors were included, e.g. application of the
detergent Tween 20, since detergents are known to accelerate metal
penetration of cell walls and membranes. The unexpectedly observed
low stability of cells fixed with mixtures of Ba, Ni (each 5 mM), 10%
sodium azide (in PBS) and 0.5 g L™ ! Tween 20 may be explained by our
observation that Tween 20 was used as a growth substrate (data not
shown), as was also reported by Impallomeni et al. (2000). We would
thus not recommend the application of detergents. Another approach
chosen was freezing of the activated sludge. As cryopreservation in the
absence of vitrifying solutions is reported to increase cell damage
(Thomas et al., 1998) glycerine was added during freezing and
thawing. However, cryopreservation turned out to be less suited for
fixation purposes than for common freeze storage. Though only a
minor amount of cell debris was detected after freezing, the cells were
poorly preserved in terms of our fixation criteria. Also, for unknown
reasons higher concentrations of the metal salts Ba and Ni did not
result in more stable sub-community preservation.

In conclusion, samples of anaerobically and aerobically grown species
and activated sludge as an example for highly diverse bacterial
communities comprising nitrate reducers, iron reducers and various
other anaerobic and aerobic bacteria were effectively fixed with a
suspension of Ba and Ni salts (each 5 mM) and 10% sodium azide. We
used flow cytometry in combination with equivalence testing as an
appropriate tool for sub-population/sub-community stability analysis.
Cell morphology as well as structural properties (DNA contents) of the
cells and cell numbers in a community remained stable for at least 9 days.
We have thus found an appropriate procedure for fixation of envir-
onmentally important bacteria without drawbacks such as increased
autofluorescence, cell aggregation, and distorted scatter signals.
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