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CFDA carboxy-fluorescein diacetate

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-sulfonate

cv Coefficient of Variation

DGGE Denaturing Gradient Gel Electrophoresis

DioC(6)3 3,3"-dihexyloxacarbocyanine iodide
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MALDI-TOF Matrix Assisted Laser Desorption Ionization-Time of Flight

MCP Micro-Channel Plate detector
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MS Mass Spectrometry
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RDP-II Ribosomal Database Project (version 2)
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SAPD Surface Accessible Proteins Detection

SCM-MS Supernatant Culture MALDI-TOF MS

SDS sodium dodecyl sulfate

TAE Tris-Acetate-EDTA

TBE Tris-Borate-EDTA

TCA TrisChloroacetic Acid

TE Tris EDTA
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TLF Time Lag Focusing

Tris Tris(hydroxymethyl)-aminomethane
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1 INTRODUCTION

Many studies have already covered the effects of space conditions on micro-organisms.
Mostly however, the results of these experiments have been inconclusive and/or
contradictory. Observations as numerous and variable like increased cell density, changes
in colony perimeter, growth reduction, biomass increase, increased resistance to
minimum inhibitory concentrations of antibiotics, no effect on transformation or
transduction, increased conjugation and increased resistance to high doses of radiation
have been put forward. Nevertheless, it has been suggested that more extensive study
needs to be applied to obtain reliable and conclusive evidence on the effects caused by
space related environmental conditions on micro-organisms at the molecular, proteomic
and genetic level.

Not only space related stress conditions will put pressure on the metabolism of the
MELISSA organisms, also the influence of processing conditions will have an effect on
microbial metabolism. Heat stress caused by effluent spill of the first thermophilic
compartment (run at 50°C) to the next (run at 30°C), shear stress, oxygen-, light- and
nutrient-deprivation, supernatant conditions, accumulation of recalcitrant and even toxic
intermediate metabolites and long-time continuous culturing will all have an influence on
the health condition of the bacteria. Furthermore can the latter types of stresses even be
mutagenic. It has been observed that prolonged mild temperature stress can mutagenise
certain strains. Starvation conditions can likewise induce mutants to appear in single
species populations.

Therefore, it is important to investigate the effect of stress on reactor stability, microbial
condition and the nutritional quality of the food source. In addition it will be necessary to
be able to detect stress as soon as possible for immediate intervention when this is
required. Stress has already proved to be detectable in the MELiSSA organisms with a
variety of methods.

In this technical note the results of the detection of stress at the cellular, the proteomic,
and the genetic level.

CHANGES ASSOCIATED WITH TEMPERATURE, H,0, AND

PH STRESSES ON THE PHYSIOLOGY OF MELISSA
BACTERIA USING FLOW CYTOMETRY

2.1. Introduction

Not being aggregated into tissues the way plant and animal cells are, bactetia must deal

with

their environment individually and on intimate terms. Most animal cells are afforded the
environmental luxury of being bathed in an unchanging isotonic nutrient solution maintained
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at an optimal temperature and pH. Plant cells are subject to greater environemental stress, but
their multicellular organization also provides them with some protection from their
environment. In contrast, environmental stresses have immediate impact on a bacterial cell, so
we ought not to be surprised to learn that bacteria have mechanisms to help them cope with a
changing and sometimes hostile environment. Possibly because of the constant selective
pressures of environmental challenge, bacteria as a group have evolved remarkable tolerance
to extreme environments.

2.2. The effect of temperature and H,0, on R. metallidurans

2.2.1. EFFECT OF TEMPERATURE, H,0, OR PH STRESS ON CELL SIZE
AND GRANULARITY OF R. METALLIDURANS.

Sizes and granularities of individual bacteria were estimated cytofluorimetrically by measuring
the forward and side scatters, these parameters measure light scattered at a forward and a right
angle, respectively. The measurement is a complex function of size and refractive index, but
for particles of bacterial size is closely correlated with volume. In principle, yeast and bacteria
can be detected from the background on the basis of their intrinsic light scattering properties in
forward (size) and side (granularity) scatter. The correlation between cell morphology and
light scatter depends on the configuration of the optical system and can be used to estimate
biomass concentration. Changes in refractive index, for example, due to the presence of
inclusion bodies induced by temperature, H,O, or pH stress can affect this relation.

Figures 1a and 2a show the effect of temperature (1a) or oxidative (2a) stress on cell size of R.
metallidurans. No significant change (in comparison with optimal culture temperature (28°C))
could be observed in R. metallidurans when temperature or oxidative stress was applied.

2.2. Effect of temperature, H,0, or pH stress on membrane integrity
of R. metallidurans.

The loss of membrane integrity represents significant damage for cells due to multiple
functions linked to the plasma membrane (permeability barrier, transport, respiratory activity,
etc...). The maintenance of membrane integrity is commonly measured in eukaryotic cells as
an indicator of cell damage or cell death. All microbial cells are bounded by the cytoplasmic
membrane, which allows the cell to communicate selectively with its immediate environment.
Passive and active transport systems across the membrane generate an electrochemical
gradient. Outside of the cytoplasmic membrane, gram-negative bacteria have an additional
outer membrane. Its function is mainly protective because it prevents the entry of toxic
substances into the cell. It is less selective and more permeable than the cytoplasmic
membrane. An intact polarized cytoplasmic membrane and active transport systems are
essential for a fully functional, healthy cell. Few fluorescent dyes used in flow cytometry can
cross intact cell membranes. Most of the membrane integrity assays use nucleic acid stains (for
example propidium iodide or PI in this work), due to the high concentrations of nucleic acids
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within the cells and the large fluorescence enhancement exhibited by nucleic acid stains upon

binding, leading to a clear separation between intact and dead cells.
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Fig. 2.1. Effect of temperature stress on R. metallidurans. The effects of temperature are studied on size
(a), membrane permeability (b), membrane potential (¢ and d), esterase activity (e), intracellular pH (f)

and superoxide anion production (g).
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Fig. 2.2. Effect of oxidative stress on R. metallidurans. The effects of H,0, are studied on size (a),
membrane permeability (b), membrane potential (c and d), esterase activity (e), intracellular pH (f)
and superoxide anion production (g).
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PI is a strongly hydrophilic, small molecule (3,, 660). Only cells that have lost selective
permeability due to the temperature, HyO, or pH treatment take up the dye, which stains
nucleic acids. PI-positive cells fluoresce and can be quantified using flow cytometry.

Figures 1b and 2b show the effect of temperature (1b) or oxidative (2b) stress on membrane
permeability of R. metallidurans. A significant increase of membrane permeability could be
noticed when cells were submitted to low (-170°C, -80°C, -20°C) or high (+50°C, 60°C and
70°C) temperatures. Oxidative stress induced an increase in membrane permeability that was
clearly proportional to the concentration of H,O,,

2.2.3. EFFECT OF TEMPERATURE, H,0, OR PH STRESS ON MEMBRANE
POTENTIAL OF R. METALLIDURANS.

The electrochemical potential occurring through the plasma membrane of metabolising
bacteria is generated by respiration or by ATP hydrolysis. It results from the selective
permeability of biological membranes to a variety of cations and anions leading to a difference
of electric potential across the membrane. Inside, the cell is negatively charged compared with
outside the cell, and membrane potential plays a central role in different cell-life processes
(ATP synthesis, active transport, mobility, regulation of intracellular pH, etc.) Voltage-
sensitive dyes have been developed to measure membrane potential in bacteria. Depending on
the charge of the dye, they are accumulated in polarised (cationic dyes) or depolarised (anionic
dyes) cells. In appropriate conditions, the amount of dye taken up can be directly related to the
level of energy metabolism in the cell. DioC(6)3 and Rhodamine 123 (Rh-123) are lipophilic,
cationic dyes commonly used to detect membrane potential. Accumulation inside bacterial
cells is favoured by a reduction in the magnitude of the membrane potential, allowing dye
molecules to concentrate within the cell, and bind to lipid-rich components. Rho-123 and
DioC(6)3 have been reported to be useful to detect depolarised cells of numerous Gram-
positive and Gram-negative bacterial species. DioC(6)3 is widely used as a viability stain.
Bacteria with a membrane potential exclude the dye, but non-viable bacteria with depolarized
membranes allow it to enter the cell. Rho-123 is a voltage sensitive cationic dye that is
electrophoretically taken up into energized bacteria by virtue of the trans-membrane
electrochemical potential (negative inside) of the plasma membrane.

Figures 1 cd and 2 cd show the effect of temperature (1 ¢ and d) or oxidative (2 ¢ and d) stress
on membrane potential of R. metallidurans. The membrane potential of R. metallidurans
estimated by DioC(6)3 and Rho-123 fluorescences was affected by low and high temperatures
in comparison with 28°C temperature. Concerning the changes induced by oxidative stress in
R. metallidurans, DioC(6)3 fluorescence was increased in function of HyO, concentration
whereas no significant change was observed following Rho-123.
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2.2.4. EFFECT OF TEMPERATURE, H,O, OR PH STRESS ON ESTERASE
ACTIVITY OF R. METALLIDURANS.

Detection of esterase activity is measured using lipophilic, uncharged and non-fluorescent
fluorogenic substrates. Once within active cells, the substrate is cleaved by non-specific
esterases releasing a polar fluorescent product (fluorescein or fluorescein derivatives) retained
inside cells having an intact membrane. Esterases are present in all living organisms, and these
enzymes can be used to provide information on the metabolic state of bacterial cells. Although
enzyme synthesis requires energy, the enzyme-substrate reaction does not, and this assay alone
should be considered energy independent. However, dead or dying cells with damaged
membranes rapidly leak the dye, even if they retain some residual esterase activity.
Consequently, fluorogenic substrates for esterases often serve as activity and cell integrity
probes that measure both enzymatic activity, which is required to activate their fluorescence,
and cell-membrane integrity, which is required for intracellular retention of their fluorescent
products. Fluorescein diacetate (FDA) is known to be retained efficiently inside cells with
intact membrane. FDA is a nonpolar, nonfluorescent substance which enters the cells freely.
Inside the cell, nonspecific esterases, among them lipase and acylase but not
acetylcholinesterase, break the FDA molecule into one brightly fluorescing fluorescein and
two acetates. Being highly polar, the fluorescein is trapped within cells exhibiting cell
membrane integrity and the amount of fluorescence will therefore increase over time
depending on the metabolic activity of those esterases. The measurement of FDA hydrolysis
has been applied to estimate metabolic activity in particular esterase activity, and to help
differentiating between live and dead/unhealthy cells.

Figures le and 2e show the effect of temperature (le) or oxidative (2¢) stress on esterase
activity of R. metallidurans. Following temperature stress, R. metallidurans did not show any
significant change in esterase activity except at -20°C. The oxidative stress induced on R.
metallidurans showed that the esterase activity was increased in function of the H,O,
concentration.

2.2.5. EFFECT OF TEMPERATURE, H,0O, OR PH STRESS ON
INTRACELLULAR PH OF R. METALLIDURANS.

The intracellular pH (pHj,) of bacteria is critical for the control of many cellular processes,
such as DNA transcription, protein synthesis, and enzyme activities. To study regulation and
maintenance of the pHj, a reliable method to measure the pHj, is of outmost importance.
Currently, one of the most commonly used fluorescent probes for pHi, measurements is
carboxy-fluorescein diacetate, succinimidyl ester (5(6)-CFDAse) which is well suited as it is
highly pH dependent and has a fast response time. Viable and culturable bacteria are able to
keep their pH constant when they are incubated at pH = 3 whereas non-culturable cells can not.
CFDAse couples irreversibly to both intracellular and cell-surface proteins by reaction with
lysine side-chains and other available amine groups.

Figures 1f and 2f show the effect of temperature (1) or oxidative (2f) stress on intracellular pH
of R. metallidurans. The temperature stress applied on R. metallidurans showed an increase of
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intracellular pH at the freezing temperatures and also at the three highest temperatures studied.
The oxidative stress induced some changes of intracellular pH as well. Indeed, in R.
metallidurans, a slight increase of CFDAse is observed in function of H,O, concentration.

2.2.6. EFFECT OF TEMPERATURE, H,0, OR PH STRESS ON
SUPEROXIDE ANION PRODUCTION OF R. METALLIDURANS.

Reactive oxygen species (ROS/RNS), including a series of species including superoxide anion
(0;-), hydrogen peroxide (H,0,), hydroxyl radical, nitric oxide, and peroxynitrite, have been
implicated in the etiology of cell death. Oo- is usually considered a precursor of more reactive
species to promote the production of secondary derivatives such as hydrogen peroxide and
hydroxyl radical in intracellular oxidative chain events. Thus it is a reasonable explanation that
0,-, as a primary signaling molecule, promotes the production of ROS downstream, which act
as signaling molecules further to cause cell death through a redox sensitive pathway.
Furthermore, the redox sensitive signaling may interact with more classical signaling pathways
such as transcription factor activation, gene expression, and cell proliferation.

Figures 1g and 2g show the effect of temperature (1g) or oxidative (2g) stress on intracellular
pH of R. metallidurans. R. metallidurans showed a U curve pattern after temperature stress
meaning that the superoxide anion production was increased at the lowest as well as at the
highest temperatures.

2.2.7. SUMMARY OF THE EFFECT OF TEMPERATURE OR H,0, STRESS
ON R. METALLIDURANS.

The following three tables show the statistical summary concerning the effect of temperature
and H,O, on R. metallidurans (one * represents a p<0.05 in comparison with the control (28°C
in temperature experiments and 0 mM H,0, in H,0, experiments); two * represent p < 0.001).
As shown in the following tables, the physiology of the cells was already slightly affected at
the temperatures tested above and under the ideal growth temperature (28°C). Indeed, at 15°C
and at 37°C, the cell membrane (potential and permeability) was principally altered. Above
37°C and under 4°C, R. metallidurans appears to be damaged at the level of its membrane (as
shown by the changes in membrane permeability and potential). Within the cytoplasm,
enzymes, intracellular pH and ROS production are also affected to a level that could be
explained by an induction of cell death at those temperatures. With regard to the effect of
oxidative stress on R. metallidurans, cells showed sensitivity to H,O, concentrations from
13.25 mM meaning that an oxidative stress severely damages the physiology of R
metallidurans.
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T (°C) -170°C  -80°C -20°C 4°C 15°C 37°C 45°C 50°C 60°C 70°C
Size
Mbr. Perm. * * *k * *ok * * * *
g Mbr. Pot. (Dioc) *ok *ok * * * * * *o%
Rbo-123 *k *ok * *% *% *k
Esterase * * * %ok * *
Activity
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2.3. The effect of temperature, H,O; and pH stresses on the
physiology of R. rubrum ATCC25903

2.3.1. EFFECT OF TEMPERATURE, H202 OR PH STRESS ON CELL SIZE
AND GRANULARITY OF R. RUBRUM.

Figure 2.3. shows representative dot-plots (side versus forward scatters) of R. rubrum
following temperature, H,O, or pH stress (1%, 27 or 3% row, respectively) whilst figure 7a
shows the effect of temperature, Hy0, and pH stress on cell size of R. rubrum. Shifts towards
lower size and granularity could be observed after incubation at 45°C, 50°C or 60°C whilst a
significant diminution of the size and granularity could be noticed with all H,0, concentrations
tested. Concerning pH treatment, extreme pH induced a diminution in cell size and granularity.
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T° (°C) , -170°C . 4°C ., 28°C . 50°C
size n n n n
H H H [

H,0, (mM) 0 1325 110 . 880
size P P P P

pH 2 5 7 12
size B e P

granularity

Fig. 2.3. Representative dot-plots (side versus forward scatters) of R. rubrum after a 1 hour incubation
at either -170°C, 4°C, 28°C or 50°C, in the presence of 13.25, 110 or 880 mM H;0, or at pH 2, 5, 7 or
12,

2.3.2. EFFECT OF TEMPERATURE, H,0, OR PH STRESS ON MEMBRANE
INTEGRITY OF R. RUBRUM.

Figures 4, 5 and 6 (1* row) show representative histograms of PI fluorescence in R. rubrum in
stress conditions and figure 7b shows the effect of temperature, H,0, and pH stress on
membrane permeability of R. rubrum. A significant increase of membrane permeability could
be measured when cells were submitted to low (-170°C, -80°C, 20°C) as well as high (45°C,
50°C, 60°C and 70°C) temperatures. Oxidative stress induced an increase in membrane
permeability that was clearly proportional to the concentration of HyO; in R. rubrum. pH stress
only induced a significant increase in membrane permeability at pH 2 and 12.
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Fig. 2.4. Representative histograms of PI (1* row), Dioc(6)3 2" row), FDA (3" row), cFDase (4" row)
and HE (5" row) fluorescences in R. rubrum following temperature stress at -170, 4, 45 or 70°C. A
temperature of 28°C is considered as control.
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Fig. 2.5. Representative histograms of PI (1* row), Dioc(6)3 2™ row), FDA (3" row), cFDase (4™ row)
and HE (5th row) fluorescences in R. rubrum following oxidative stress at 13.25, 55, 220 or 880 mM
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Fig. 2.6. Representative histograms of PI (1* row), Dioc(6)3 (2nd row), FDA (3rd row), cFDase (4th row)
and HE (5" row) fluorescences in R. rubrum following pH stress at pH 2,5,9 or 12. pH 7 is considered
as control.

r

2.3.3. EFFECT OF TEMPERATURE, H,0, OR PH STRESS ON MEMBRANE
POTENTIAL OF R. RUBRUM

Figures 4, 5 and 6 (2™ row) show representative histograms of DioC(6)3 fluorescences in
various stress conditions. Figures 7c and 8a show the effect of temperature, H0, or pH stress
on membrane potential after DioC(6)3 and Rho-123, respectively of R. rubrum in all the stress
conditions tested. The variation of membrane potential of R. rubrum estimated by DioC(6)3
and Rho-123 fluorescences did not give the same results. Whilst DioC(6)3 fluorescence was
significantly decreased at -20°C, 4°C, 15°C and 37°C, it increased at -170°C, -80°C and from
45°C onwards. However, Rho-123 staining only revealed a change in the staining at -80°C.
Concerning the changes induced by oxidative stress in R. rubrum, DioC(6)3 fluorescence was
increased in function of H,O, concentration from 27.5 mM whereas no significant change was
observed following Rho-123. Finally, pH stress showed an increase of DioC(6)3 staining at pH
10 and 12 whereas with Rho-123, pH 2 was the only pH showing a significant difference in
comparison with pH 7.
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Fig. 2.8. Effect of temperature, H,0, or pH stress on R. rubrum on membrane potential (with Rho-
123) (a), esterase activity (b) and intracellular pH (c). Results of the experiments represent triplicates
= SEM. * represent p<0.05; ** represents p<0.001.
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2.3.4. EFFECT OF TEMPERATURE, H,0, OR PH STRESS ON ESTERASE
ACTIVITY OF R. RUBRUM. ‘

Figures 4, 5 and 6 (3 row) as well as figure 8b show the effect of temperature, H,0, or pH
stress on esterase activity of R. rubrum. Following temperature stress, R. rubrum showed
significant changes in esterase activity except at 4°C, 15°C and 37°C in comparison with
control conditions (28°C). The oxidative stress induced on R. rubrum showed that the esterase
activity was increased in function of the H,O, concentration. Following extreme pH stresses
(2, 5, 10 and 12), the esterase activity was significantly modified.

2.3.5. EFFECT OF TEMPERATURE, H,0O, OR PH STRESS ON
INTRACELLULAR PH OF R. RUBRUM.

Figures 4, 5 and 6 (4th row) as well as figure 8c show representative histograms and statistical
comparisons of cFDAse fluorescence changes following temperature, H>0, or pH stress of R.
rubrum. The application of a temperature stress showed an increase of intracellular pH at the
three lowest (-170°C, -80°C and -20°C) and at almost all the highest temperatures (37°C,
45°C, 60°C and 70°C) studied. Oxidative stress induced no significant changes of intracellular
pH. pH stress only induced a significant difference at pH 12.
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2.3.6. EFFECT OF TEMPERATURE, H,O, OR PH STRESS ON
SUPEROXIDE ANION PRODUCTION OF R. RUBRUM.

Figures 4, 5 and 6 (5™ row) and figure 9 show representative histograms and comparative
graphs of HE fluorescence changes following temperature, H,0, and pH stress of R. rubrum. R.
rubrum showed a U curve pattern after temperature stress meaning that the superoxide anion
production was increased at the lowest (-170°C and -80°C) as well as at the highest (45°C
onwards) temperatures. Furthermore, R. rubrum showed an increased superoxide anion
production from 110 mM H,0, onwards. pH stress induced a significant difference of
superoxide anion production at pH 4 and 12.

H.0,

0 1375 275 55 1¢
Temperature (°C) H202 (mM)

Fig. 2.9. Effect of temperature, H,0; or pH stress on R. rubrum on superoxide anion production.
Results of the experiments represent triplicates = SEM. * represent p<0.05; ** represents p<0.001.

2.3.7. SUMMARY OF THE EFFECT OF TEMPERATURE, H,O, OR PH
STRESS ON R. RUBRUM.

The following three tables show the statistical summary concerning the effect of temperature
and H,O; on R. rubrum (one * represents a p<0.05 in comparison with the control (28°C in
temperature experiments and 0 mM H,0; in H,O, experiments); two * represent p < 0.001).
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Esterase % * * * %% %k %ok
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