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Introduction

Psychrophilic microorganisms inhabit cold environments
where temperatures are usually near to or below 0 °C.
They live not only in exotic habitats in the Arctic and
Antarctic continents, for example, snow, glaciers, deep sea
and sea ice, permafrost and caves (Margesin & Miteva,
2011), but also in domestic environments, for example
refrigerators. Low temperatures pose serious threats to the
preservation of cell functionality and viability, mainly due
to an increase in water viscosity, decrease in molecular
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Abstract

We have applied an image-based approach combining epifluorescence micros-
copy, electron microscopy and nanoscale secondary ion mass spectrometry
(nanoSIMS) with stable isotope probing to examine directly the characteristic
cellular features involved in the expression of the cold phenotype in the Ant-
arctic bacterium Clostridium psychrophilum exposed to a temperature range
from +5 to —15 °C under anoxic conditions. We observed dramatic morpho-
logical changes depending on temperature. At temperatures below —10 °C, cell
division was inhibited and consequently filamentous growth predominated.
Bacterial cells appeared surrounded by a remarkably thick cell wall and a cap-
sule formed of long exopolysaccharide fibres. Moreover, bacteria were entirely
embedded within a dense extracellular matrix, suggesting a role both in cryo-
protection and in the cycling of nutrients and genetic material. Strings of extra-
cellular DNA, transient cell membrane permeability and release of membrane
vesicles were observed that suggest that evolution via transfer of genetic mate-
rial may be especially active under frozen conditions. While at —5 °C, the bac-
terial population was metabolically healthy, at temperatures below —10 °C,
most cells showed no sign of active metabolism or the metabolic flux was
extremely slowed down; instead of being consumed, carbon was accumulated
and stored in intracellular granules as in preparation for a long-term survival.

diffusion rates, reduction in biochemical reaction rates
and decrease in cell membrane fluidity, intracellular ice
crystal formation and osmotic stress (Bakermans, 2008;
Rodrigues & Tiedje, 2008). However, psychrophiles have
developed a vast array of adaptive strategies on both
cellular and molecular levels that have been identified by
applying different experimental approaches and tech-
niques. Besides the standard culturing and biochemical/
biophysical analyses, ‘omic’ approaches are contributing
to the discovery of many new aspects in cold adaptation
(Casanueva et al., 2010). Some recurrent characteristic
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genes of the cold phenotype have been identified in the
genome of psychrophiles, for example, genes for the
transport of compatible solutes, the accumulation of car-
bon reserves, the use of alternative energy-efficient bio-
synthetic pathways, the synthesis of exopolysaccharides
(EPS) and extracellular degradative enzymes (Methé
et al., 2005; Riley et al,, 2008; Rodrigues et al., 2008;
Ayala-del-Rio ef al., 2010; Collins & Deming, 2013;
Mykytczuk et al., 2013). Other analyses indicated that a
cold transcriptome and cold proteome exist with most
genes preferentially or uniquely expressed at low tempera-
tures (Bakermans et al, 2007; Rodrigues et al., 2008;
Bergholz et al., 2009).

Microscopy-based techniques have been little used to
observe the effect of low temperatures on microbial cells
or to describe the phenotypic responses of microorgan-
isms on a cellular level. Microscopy, however, has proved
highly informative, especially if combined to fluorescent
dye labelling (e.g. epifluorescence microscopy) or stable
isotope probing (SIP) (e.g. nanoSIMS), and can provide
important insights into the physiological and metabolic
states of cells. In addition, electron microscopy-based
imaging and analysis (scanning and transmission electron
microscopy, SEM and TEM) enable us to study the com-
positional and structural features of microorganisms and
their immediate surroundings at high resolution.

Numerous dyes are available that can be used with epi-
fluorescence microscopy to provide information on via-
bility of microorganisms and their physiological state
(Miiller & Nebe-von-Caron, 2010). Although some cave-
ats must be considered when interpreting the data (e.g.
cells stained ‘red” with the LIVE/DEAD kit are not neces-
sarily ‘dead’ but may be just ‘stressed’ with membranes
temporarily injured), fluorescent labelling can be used to
complement other imaging methods. For example, nanos-
cale secondary ion mass spectrometry (nanoSIMS) com-
bined to SIP has been recently applied in microbiology
studies. With nanoSIMS, after incubation with a labelled
substrate, metabolic activity of single microbial cells can
be imaged and the elemental composition can be mea-
sured on a subcellular level (Li et al, 2008; Musat et al.,
2008; Wagner, 2008; Musat et al., 2012; Pett-Ridge &
Weber, 2012).

In this study, we have applied different imaging tech-
niques — epifluorescence microscopy, SEM/TEM and
stable isotope probing with nanoSIMS — in parallel and
as complementary methods to investigate the cellular
response and adaptation to subzero temperatures in the
Antarctic bacterium Clostridium psychrophilum.

Clostridium psychrophilum DSM 14207 is an obligate psyc-
hrophilic anaerobic bacterium isolated from a microbial
mat collected at Lake Fryxell, a permanently ice-covered
lake located in the McMurdo Dry Valleys, Antarctica
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(Brambilla et al., 2001). Clostridium psychrophilum, as an
extremophilic organism, is of considerable importance to
assess the potential for cold-adapted terrestrial microbial
forms to survive and perhaps proliferate on icy planets of
our solar system (e.g. Mars) that will be the target of the
upcoming life detection missions (e.g. ExoMars 2018,
Mars 2020). Clostridium psychrophilum was selected as
model organism for this study given the earlier descrip-
tion by Spring et al. (2003) as the most psychrophilic of
the all known clostridia, with an optimum growth tem-
perature T, = +4 °C and an upper limit T, = +10 °C.
Here, we provide direct observations of the bacterium’s
structure/ultrastructure and related physiological state at
temperatures that extend down to —15 °C. Our findings
highlight the ecological role of some features distinctive
to psychrophily such as temperature-dependent morpho-
logical variability and cryo-protection inferred by cell
wall-thickening, EPS capsule and extracellular matrix pro-
duction. Observations of extracellular DNA (eDNA) and
release of membrane vesicles (MVs) and evidence for
transient cell membrane permeability are also presented
and discussed.

Materials and methods

Bacterial strain and cultivation conditions

The bacterial strain used in this study is C. psychrophilum
DSM 14207, obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ)-German
Collection of Microorganisms and Cell Cultures. It was
cultivated on the recommended liquid medium DSM 339
(Wilkins-Chalgren anaerobe broth supplemented with
0.5% w/v glucose and 0.1% w/v NaHCOj3) and gas atmo-
sphere consisting of 80% N, and 20% CO, and incubated
at temperatures of +5, —5, —10 and —15 °C. To prevent
freezing, the medium for incubation at subzero tempera-
tures was supplemented with 5% (v/v) glycerol. To avoid
thermal shock, culture bottles were kept on ice during
handling. Reagents, medium and needles were chilled
before use. Incubation was continued for c. 2-3 weeks at
+5 °C and for 5-6 weeks at —5 °C before turbidity in the
culture could be observed. Cells were harvested during
the exponential phase when cell density reached
1.5 & 0.5 x 10’ cells mL™" (after 18 days) at +5 °C, and
7.0 + 2.0 x 10® cells mL™! (after 40 days) at —5 °C.
Cultures at —10 and —15 °C were kept incubated for
almost 1 year without visible signs of growth.

Epifluorescence microscopy
Cell staining using SYBR Green I (Molecular Probes, In-

vitrogen, CA) was performed according to Patel et al

FEMS Microbiol Ecol 90 (2014) 869-882

0202 1SNBny ¢| U0 19n6 Aq £60ZHS/698/E/06/2191HE/09SWAY/W09"ANO"DIWSPEDE//:SANY WO} PAPEO|UMOQ



Subzero morphology and physiology of an anaerobic bacterium

(2007) and cell staining with LIVE/DEAD BacLight
(Molecular Probes, Invitrogen) following manufacturer’s
instructions. Stained cells were observed with a Leica
Aristoplan epifluorescence microscope (Leica, Bensheim,
Germany) equipped with a mercury lamp and fitted with
filter cubes 1.3 (excitation BP 450-490, dichromatic mir-
ror 510 nm and suppression LP 515) and N2.1 (excita-
tion BP 515-560, dichromatic mirror 580 nm and
suppression LP 590).

Electron microscopy

Fixation with formaldehyde—glutaraldehyde

Bacterial cells were harvested for electron microscopy
analysis during the exponential phase, after 16-day incu-
bation at +5 °C and 40-day incubation at —5 °C, or after
7-month incubation at —10 and —15 °C. Samples of the
bacterial cell cultures were filtered onto a black polycar-
bonate Nuclepore membrane filter (pore size 0.22 pm;
diameter 25 mm) and washed with Milli-Q water. The
filter was placed into a petri dish, fixed for 1 h at +5 °C
with a fixative solution containing 5% (v/v) formaldehyde
and 2% (v/v) glutaraldehyde in cacodylate buffer (0.1 M
cacodylate, 0.09 M sucrose, 0.01 M CaCl,, 0.01 M MgCl,,
pH 7.0) and then washed three times with cacodylate buf-
fer.

Fixation with lysine acetate-ruthenium red
formaldehyde—glutaraldehyde

To visualise the capsular and extracellular material of the
bacterium, we used the fixation technique reported by
Hammerschmidt et al. (2005) with some modifications.
Bacterial cell samples were filtrated onto a Nuclepore
membrane as previously described. The filter was first
fixed for 30 min on ice at +5 °C with 2% (v/v) formalde-
hyde, 2.5% (v/v) glutaraldehyde and 0.075 M lysine ace-
tate, prepared in cacodylate buffer supplemented with
0.075% (w/v) ruthenium red. After washing with cacody-
late buffer containing ruthenium red, the filter was fixed
a second time for 3 h using the same fixative solution
without lysine acetate. The filter was washed again three
times with the same cacodylate—ruthenium red buffer.

Scanning electron microscopy

The filters were dehydrated in a graded series of ethanol
(10%, 30%, 50%, 70%, 90% and 100%) for 30 min each
step, on ice at +5 °C, and overnight at 70% grade. After
dehydration, they were let to air-dry. The filters were
finally sputter-coated with a 12 nm thick gold film (Emi-
tech K550X sputter coater; Quorum Technologies Ltd,
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Ashford, UK) and observed with a Quanta FEG-650 SEM
(FEIL, Hillsboro, OR) operating at 5 kV and a working
distance of 10 mm. In total, 71 micrographs were imaged
at +5 °C, 55 at —5 °C, 93 at —10 °C and 83 at —15 °C.

Transmission electron microscopy

Each filter was transferred to a clean petri dish, treated
for 1 h with 1% (v/v) osmium tetroxide solution pre-
pared in cacodylate buffer, or cacodylate—ruthenium red
buffer for lysine acetate—ruthenium red (LRR)-fixed sam-
ples, and then washed three times in cacodylate buffer, or
cacodylate—ruthenium red buffer, respectively. Samples
were then dehydrated in ethanol gradients as described
above and dried. Filters were embedded using LR White
acrylic resin (medium grade; Electron Microscopy Sci-
ences, Hatfield, PA) in a graded series of ethanol and
resin (2:1,1:1,1:2),at5 °C, in the dark, for 20 min
each step, and finally transferred to 100% resin for 8 h,
refreshed and incubated again overnight. Each filter was
cut in small strips, and several of them were fit at the
bottom of a gelatin capsule (size ‘0’; Electron Microscopy
Sciences), which was then filled with pure resin. Air bub-
bles were removed in a vacuum oven (400 mbar, temp.
40 °C), and the resin was then left to polymerise at 55 °C
for 48 h. Ultrathin sections (80 nm thick) were cut from
polymerised resin blocks and mounted on 200-mesh cop-
per grids. The grids were then poststained in 1% (v/v)
uranyl acetate and Reynolds lead citrate, washed, air-dried
and then viewed in a Philips CM120 transmission elec-
tron microscope operating at 80 kV. Representative
images were taken with a Gatan Orius CCD camera. In
total, 24 micrographs were imaged at +5 °C, 29 at
—5 °C, 41 at —10 °C and 57 at —15 °C.

Elemental imaging with nanoscale secondary
ion mass spectrometry (nanoSIMS)

Sample preparation

Clostridium  psychrophilum was cultivated as described
previously on medium DSM 339 supplemented with '*C-
glucose (99%; Cambridge Isotope Laboratories, Andover,
MA) at 0.5% (w/v) concentration. Cells incubated at
—5°C were sampled during the exponential phase
(30 days), while cells incubated at —10 and —15 °C after
3 months. The culture was fixed by injecting 1% (v/v)
chilled paraformaldehyde directly in the bottle and leav-
ing incubated at 4 °C overnight. Cells were gently filtered
onto a gold-palladium presputtered polycarbonate filter
(pore size 0.22 pm; diameter 25 mm; Millipore), rinsed
with sterile PBS and washed with sterile Milli-Q water to
remove residues from the medium. The filter was air-
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dried and stored at —20 °C until use. Subsamples were
prepared by excising small circles (5 mm diameter) and
stained with DAPI (Molecular Probes, Invitrogen), and
the areas of interest were marked using a laser micro-dis-
section (LMD) microscope (LMD6500; Leica). Cells
within the markings were first imaged with a Zeiss Axio-
plan (Zeiss, Jena, Germany) epifluorescence microscope
fitted with blue (450-490 nm) and green (510-560 nm)
excitation filters, and then, filters were washed with Milli-
Q water and ethanol to remove residues of oil and air-
dried. These images were used for orientation during
nanoSIMS analysis.

Image acquisition

The nanoSIMS analysis was performed using a nanoSIMS
50-L (CAMECA, Paris, France) as previously described
(Musat et al., 2008). To implant caesium (Cs"), the sam-
ple surface was presputtered with a defocused Cs' pri-
mary ion beam between 200 and 300 pA. The sample
area (20 pm x 20 pum or 30 pm x 30 um depending on
cell distribution) was then rastered with a 2 pA Cs* pri-
mary ion beam with dwell time of 1 ms. Negative sec-
ondary ions '*C~, “C, *C"N7, *C"”N7, ’'P" and
>’S™ from each individual cell were collected simulta-
neously in electron multiplier detectors of the multi-col-
lection system. In total, 215 single cells were imaged at
—5 °C, 111 at —10 °C and 124 at —15 °C.

Image and data processing

Image and data analysis was performed using Look@
NanoSIMS software (Polerecky et al., 2012). For each
image, all scans (50 planes) were corrected for drift of the
sample stage during image acquisition and accumulated.
Regions of interest were manually drawn around single
cells, and the ratios >C/'”C were calculated from the
accumulated data. The *'P7, C"N~ and *?S™ ion
images were normalised to '*C to remove possible tuning
effects.

Cell surface area and volume calculations

Cell dimensions (length, I, and width, w) were deter-
mined on the cells imaged with the scanning electron
microscope using the open source image processing pro-
gram IMAGE] 1.48 (freely available at http://imagej.nih.
gov/ij/index.html). Bacteria were assumed shaped like cyl-
inders with hemispherical ends; therefore, the surface area
(S) and the volume (V) were calculated according to
Baldwin & Bankston (1988) as:

S =4n(w/2)* +2n(w/2)(1— w)
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V = 4n(w/2)’ /3 4+ n(w/2)* (I — w)

with w = cell width (i.e. cell diameter) and [ = cell
length.

Statistical analysis

One-way analysis of variance (anova) was used to assess
differences in cell dimensions (length, width, surface area
and volume) and their ratios at the different incubation
temperatures (+5, —5, —10 and —15 °C). Means compar-
ison was evaluated by the Bonferroni test. Significance
was calculated at the 1% and 5% level.

Results and discussion

Temperature-dependent morphological
changes in C. psychrophilum cells

Cells of C. psychrophilum incubated at a temperature
range from +5 to —15 °C showed a high level of mor-
phological variation. In general, we observed that cells
were gradually longer at lower temperatures down to
—10 °C, as shown by an increased length-to-width ratio
(I/w), while at —15 °C, cells restored shorter dimensions
(Fig. 1 and Supporting Information, Fig. S1, Table 1).
The analysis of variance (ANova) test supported, at a high
level of significance (at the 0.01 level), that decreasing
subzero temperatures have a strong effect on cell size and
morphology. At +5 °C, cells appeared highly pleomor-
phic, with irregular shapes and many coccoid-like forms.
At —5 °C, the bacterium was rod shaped (4.0-10.0 um
length x 0.65-0.80 pm width). At —10 °C, cells appeared
elongated (4.00-20.00 pm length x 0.65-0.80 pm width)

@ +5°C
12 b4 ®-5°C
@ -10°C
11
0-15°C
1
€
=
£ 00
=3
= °
08
8 (o]
@ 2 ]
07 ® % ® e °
-]
06
(=]
0.5
] 5 10 15 20 25 30 40 50 60
Length (um)

Fig. 1. Size variability of Clostridium psychrophilum cells incubated
anaerobically at temperatures from +5 to —15 °C measured by SEM
(dotted line indicates scale change).
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Table 1. Overview of the morphological features of cells of Clostridium psychrophilum incubated at temperatures from +5 to —15 °C observed
with scanning electron microscopy (SEM) and processed with IMAGE) program

No.
Temp.  of cells Length (/) and width (w) (um) I/w ratio
(°C) measured  average [SD] [SD]
+57 114 2.74** [1.40] x 0.77** [0.14] 3.69%** [2.05]
—s5f 86 7.24%* [2.65] x 0.72%)[0.05]  10.07* [3.70]
—10" 125 12.22#%* [7.13] x 0.73% [0.06]  16.95%* [10.30]
—15% 123 5.09%* [2.39] x 0.69* [0.05] 7.40%* [3.53]

Surface area Volume
(S) (um?) V) (um?)
Cell morphology average [SD] average [SD] S/V ratio [SD]
y 6.60%* [3.50] 1.17%[0.76]  6.02* [0.92]
> 16.42%% [6.21]  2.88*¢[1.20] 5.77%[0.36]
- - . 27.84*%[16.09] 4.98**[2.98] 5.67%) [0.42]
o 11.06%* [5.24] 1.83*[0.94] 6.15% [0.47]

*Means are significantly different to all other means at the 0.05 level (anova—Bonferroni). **Means are significantly different to all other means at
the 0.01 level (anova—Bonferroni); if in brackets means are significantly different to some but not to all other means.

fLiquid culture medium.
*Frozen culture medium.

and in some cases filamentous, some of which measured
up to 55 pm in length (Fig. 2). At —15 °C, cells appeared
as rods 5.09 + 2.39 um long and 0.69 £ 0.05 pm wide.
As general trend, we observed that, in response to gradu-

(a) -10°C

(b) —10°C
Fig. 2. Filamentous growth of cells of
Clostridium psychrophilum at —10 °C imaged
with SEM (a) and TEM (b). Filaments up to
50 um length were observed. Septa (indicated
by arrows) were visible throughout the
filament in the micrograph by SEM (a), and
TEM confirmed the ultrastructure of new
membranes forming between the cells (b).
Interestingly, individual cells did not separate,
indicative of an interruption of the cell
division. Scale bar represents 2 um.
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ally lower temperatures down to —10 °C, cells increased
significantly (anova-Bonferroni at the 0.01 level) their
total surface area without any appreciable increase in the
surface-to-volume ratio (aNova—Bonferroni at the 0.05
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level limited to a few means only; Table 1). This phe-
nomenon has been described previously in microorgan-
isms exposed to various stress conditions and especially
under nutrient deprivation (Young, 2006). Our data indi-
cate that in supercooled liquid media, where the diffusion
rate of molecules is sensibly reduced by the temperature,
bacterial cells with enlarged surface have the advantage of
a more efficient access to nutrients. At —15 °C, under
frozen conditions, cells showed an opposite trend, with
still an increase in length (at the 0.01 level) compared to
positive temperatures but decrease in width (at the 0.05
level). Differently to the bacteria in supercooled media,
the surface-to-volume ratio of cells at —15 °C was signifi-
cantly (0.01 level) increased.

Salts such as NaCl and Mg(ClO,), were also tested as
additional freezing depression additives to maintain liquid
conditions also at —15 °C, but the culture did not grow.
In fact, as isolated from a freshwater lake (Lake Fryxell,
Antarctica), C. psychrophilum does not tolerate high salin-
ity. This might reduce its growth potential at subzero
temperatures compared to other bacteria such as Plano-
coccus halocryophilus (Mykytczuk et al., 2013) and Psych-
robacter cryopegella (Bakermans et al., 2003) capable of
reproducing at —15 and —10 °C, respectively, at higher
rates. On the other hand, C. psychrophilum is a strictly
anaerobic organism that offers the rare possibility to
study subzero growth in environments devoid of oxygen.

That bacteria can alter their size and shape in response
to changes in the environmental conditions or to stress
factors is well known. Filamentation is one of the most
frequently observed shape alterations and can be triggered
by various factors, for example, nutrient deprivation, oxi-
dative stress, DNA damage and antibiotics exposure
(Young, 2006; Justice et al., 2008). Filamentous cells were
also described in bacteria, including other clostridia,
growing at suboptimal temperatures or temperatures near
the minimum for growth (Marchant et al., 2002; de Jong
et al., 2004; Abboud et al, 2005; Jones et al, 2013).
Although the exact molecular mechanisms leading to fila-
mentation are largely unknown, some have shown that it
is a consequence of blocking the late stages of the cell
division while the cell continues to grow (Burke et al,
2013). When C. psychrophilum cells were stained with
DNA-specific SYBR Green I, we could observe that nucle-
oids were present and evenly spaced throughout the fila-
ments (Fig. S1). With electron microscopy, indentations
were at times also visible, and some septa appeared
complete with new membranes formed between the
daughter cells; however, cells remained connected within
the filament (Fig. 2). Our latter observations support a
disruption of the spatial and temporal distribution of the
cell division machinery under stress conditions. It has
been suggested that filamentation may be linked to a
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reduced energy state (Jones et al., 2006) as, for example,
caused by subzero temperatures. In contrast to the per-
ception of filamentous bacteria as over-stressed and
dying, recent studies on several different organisms have
in fact associated the filamentous phenotype with a sur-
vival strategy in various situations, for example, tolerance
of stress factors (Crabbé et al,, 2012; Jones et al., 2013),
biofilm formation (Yoon et al, 2011), protection from
predation (Swanson, 2013) and resistance to antibiotics
(Justice et al., 2008). Additionally, it has been shown that
filamentous cells can develop cross-protection over multi-
ple stresses at sublethal levels (reviewed in Justice ef al.,
2008 and Jones et al., 2013). Although we did not observe
it to occur in our experiments, it has also been reported
that the filamentous state may be reversible and that,
when cells return to more favourable conditions, the
capacity to divide is restored (Jones et al., 2013).

Bacterial cell surface, EPS and extracellular
matrix

To observe the bacterial cell surface and its constituents
and structure, we used electron microscopy (SEM and
TEM) and a fixation method that combines lysine acetate
and ruthenium red (LRR fixation) for an enhanced pres-
ervation and visualisation of the cell capsular material
(Hammerschmidt et al., 2005). Conventional glutaralde-
hyde—formaldehyde fixation resulted in the total loss of
capsular material, while extracellular features were clearly
visible in the LRR-treated samples (Fig. S2). Therefore,
we could observe that at all temperatures, the bacteria
were coated with a capsule, loose-knit branched and com-
posed of two distinct layers of exopolysaccharide (EPS)
material. The EPS was compact with an electron-dense
inner layer (25 nm thick as measured on the TEM image)
and a fibrous outer layer. In some cells, at —15 °C, such
EPS fibres protruded from the cell wall for about 100 nm
(Fig. 3).

In pathogenic clostridia, the presence of the capsule is
associated with virulence, in that it aids cell adhesion to
surfaces and confers resistance to antibiotics (Brook,
1986). Given our consistent observation of a thick pro-
truded EPS in the C. psychrophilum grown at subzero
temperatures, the EPS capsular material is likely to have
an important role in cryo-protection. A few genomes of
psychrophiles, for example, Psychrobacter spp., Colwellia
psychrerythraea H34 and Exiguobacterium sibiricum, have
been found to possess genes involved in the synthesis of
capsular-type EPS and express these genes at subzero
temperatures (—2.5 °C) (Methé et al., 2005; Rodrigues
et al., 2008; Allen et al., 2009; Ayala-del-Rio et al., 2010).
Large amounts of free EPS have also been found in sea
ice and released by the indigenous organisms (Krembs

FEMS Microbiol Ecol 90 (2014) 869-882

0202 1SNBny ¢| U0 19n6 Aq £60ZHS/698/E/06/2191HE/09SWAY/W09"ANO"DIWSPEDE//:SANY WO} PAPEO|UMOQ



Subzero morphology and physiology of an anaerobic bacterium

875

Fig. 3. Capsular structure of Clostridium psychrophilum visualised with SEM (a) and TEM (b) in LRR-fixed cells. Prior to imaging, bacteria were
kept incubated in frozen media at —15 °C for 7 months. Scale bar represents 1 pm.

et al., 2011). Considering the data available in the litera-
ture, the ecological significance of EPS seems twofold:
first, in protecting the cells from environmental fluctua-
tions, and second, in altering conditions favourably in the
surrounding environment (Krembs & Deming, 2008).
Cell-EPS aggregates have been reported to act as coloni-
sation points for microorganisms in sea ice, thus forming
‘hot spots” of enhanced microbial activity (Meiners et al,
2008). In its natural environment, C. psychrophilum was
isolated from a microbial mat inhabited by a rich micro-
bial community, and in the laboratory it also tends to
grow planktonically forming aggregates.

SEM observations also revealed that cells of C. psychro-
philum at —10 °C were encased within a thick extracellu-
lar matrix (Fig. 4a and b). The extracellular matrix was
also composed of dead cellular material and fragments of
cellular membranes. The nanoSIMS imaging indicated
that the extracellular matrix was rich in fundamental ele-
ments, that is carbon and nitrogen (Fig. 4c), and also
contained localised areas (nm) of sulphur (Fig. 4d). The
possibility that the sulphur accumulation originates from
the medium or the fixatives cannot be ruled out. How-
ever, although all samples have been processes in the
same way, hot spots of sulphur were seen only in the
—10 °C culture. Sulphur may be of biological origin and
be contained in hydrogen sulphide, carbon disulphide
and other sulphur compounds that are known metabolic
products of clostridia (Kuppusami et al., 2014).

Moreover, when epifluorescence microscopy was used
in combination with the nucleic acid-specific probe
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SYBR Green I, strands of extracellular DNA (eDNA)
were observed crossing and connecting the cells’ matrix
into aggregates (Fig. 5). Similar images of eDNA stained
with nucleic acid-specific SYTO9 dye are also presented
in Flemming & Wingender (2010). For a long time,
eDNA was considered just as residual material from
lysed cells, but it has become increasingly clear that, in
fact, it is an integral part of the biofilm matrix and has
an active role in many processes including bacterial
adhesion and aggregation onto surfaces, scaffolding and
strengthening, exchange of genetic information and
finally as a source of nutrient and intermediates in the
phosphorus cycling (Das et al, 2010; Flemming & Win-
gender, 2010; Gloag et al., 2013). Only a few psychro-
philic organisms, for example, Psychromonas arctica
(Groudieva et al.,, 2003), Psychrobacter arcticus (Hinsa-
Leasure et al., 2013) and Thiomicrospira species (Nieder-
berger et al., 2009) have been described so far as capable
of producing biofilms at low temperatures (4 °C). In
frozen environments, ‘biofilms’ may help bacterial cells
to attach onto the surface of soil minerals and organic
particles and gain access to the surrounding thin film of
liquid water (Clarke et al., 2010; Hinsa-Leasure et al.,
2013). Moreover, biofilms are particularly important in
perennially cold habitats to facilitate lateral gene transfer
as such to compensate for the very low rates of genera-
tion time of the indigenous organisms as demonstrated
to occur for the haloarchaea populating an isolated Ant-
arctic lake (DeMaere et al., 2013). In such context,
research should continue to identify the role of gene
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Fig. 4. Extracellular matrix produced by
Clostridium psychrophilum at —10 °C. As
shown in the SEM micrographs (a, b), cells
appeared completely embedded in a thick
(1.3-1.5 um) extracellular matrix. The
nanoSIMS imaging showed that the matrix
between the cells is rich in carbon and
nitrogen (*2C"N/"2C) (c) and has localised ‘hot
spots’ of sulphur 325/'2C (d). White outlines in
the nanoSIMS images show regions of interest
and cellular boundaries of C. psychrophilum.
Inset in (c) is the respective secondary electron

12c14N/12c

transfer vs. DNA replication in the acquisition of cold-
adaptive traits and the overall microbial evolution in
frozen habitats.

Fig. 5. Extracellular DNA (eDNA) in Clostridium psychrophilum
culture stained with nucleic acid-specific dye SYBR Green | and
imaged with epifluorescence microscopy (x50). Strands of eDNA
appeared to cross and connect aggregates of cells. Culture was
grown at +5 °C. Scale bar represents 10 pum.

© 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved
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image. Cells were not clearly visible because
covered by the extracellular matrix. Scale bar
represents 3 um.

Ultrastructure of C. psychrophilum at subzero
temperatures

The ultrastructure is a largely unexplored aspect of the
physiology of psychrophilic microorganisms, and only a
few studies have been carried out until now on bacteria
exposed to subzero temperatures (Bakermans et al., 2003;
Pecheritsyna et al., 2011; Mykytczuk et al., 2013). Part of
the reason is the very low cell numbers that can be
obtained under such conditions. We tried to overcome
this problem by concentrating the biomass onto a mem-
brane filter, which would still be compatible with the
ultra-thin sectioning process required for TEM sample
preparation.

At all subzero temperatures, cells of C. psychrophilum
were characterised by a very thick cell wall measuring up
to 50 nm (Fig. 6). A similar feature was also observed in
permafrost isolates at temperatures of 0—4 °C (Soina et al.,
1995). The thickening of the cell wall may well represent a
general protection mechanism amongst cold-adapted
microorganisms against freezing and osmotic stress.

In addition, while the cell membrane of cells incubated
at —5 °C appeared to be contiguous to the cell wall, at
the lower temperatures, gaps between wall and membrane
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Fig. 6. Ultrastructure observed by TEM of the cell envelope of cells of Clostridium psychrophilum at —5 °C (a) and —15 °C (b). Three regions
can be clearly distinguished: the cell membrane (1), the thick (c. 50 nm) cell wall (2) and the outer fibrous layer representing the extracellular
capsule (3). Cell wall and membrane appear as contiguous in cells at —5 °C (a), but partially detached in cells at —15 °C (b). Scale bar represents

50 nm.

were visible (Fig. 6). These related to the cell plasmolysis,
a consequence of the freezing of the environment sur-
rounding the cells. When the freezing rates are low, the
formation of extracellular ice induces high solute concen-
tration in the medium and water is consequently drawn
out of the cytoplasm, which results in the cell deflating
and space to form between wall and membrane (Mazur,
1984; Schwarz & Koch, 1995; Fonseca et al., 2006). We
observed plasmolysed cells in higher number (c. 20% of
the overall population, ie. 40/160 cells observed at
—10 °C and 40/200 cells at —15 °C) at the lowest incuba-
tion temperatures and frozen media (Fig. 7), while they
were absent at —5 °C when the medium was still liquid.
Plasmolysis is considered a physiological state mostly
associated with cell damage and death as here substanti-
ated by the presence of red-stained cells in the LIVE/
DEAD analysis at temperatures below —10 °C.

Moreover, during plasmolysis, the shrinkage of the
protoplast results in a considerable reduction of the total
area of the cell membrane and a fraction of it excises in
the form of MVs (Matias & Beveridge, 2005). We also
observed pockets filled with MVs consistently in the
plasmolysed cells (Fig. 7). The release of vesicles from the
cell surface is a phenomenon conserved across microbial
life, and it has been described in both Gram-negative and
Gram-positive bacteria, archaea and eukaryotes (Deather-
age & Cookson, 2012). The composition of the MVs from
various species has been characterised by SDS-PAGE and
proteomics (Kulp & Kuehn, 2010), and results showed
that they consist of proteins, lipoproteins, phospholipids
and lipopolysaccharides derived from the cell surface and
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contain cytoplasmic proteins (Frias ef al, 2010) and also
genomic and plasmid DNA (Gaudin et al., 2013). MVs
have also been observed and described as a common fea-
ture in cold-adapted Antarctic organisms such as Shewa-
nella  livingstonensis NF22, Shewanella vesiculosa M7,
Pseudoalteromonas sp. M4.2 and Psychrobacter fozii NF23
(Frias et al., 2010). Several roles, mainly related to stress-
response and survival, have been attributed to the MVs,
including relieving the cell surface from misfolded or
damaged material, nutrient acquisition, mediating com-
munication amongst cells, and both secretion and transfer
of DNA (Kulp & Kuehn, 2010).

Physiological state of C. psychrophilum in
frozen conditions

The physiological state of a bacterial cell depends largely
on the integrity of the cell membrane and whether it is
permeable for nutrients from the surroundings. When we
stained the cells of C. psychrophilum incubated at —5 °C
with propidium iodide (PI), we found that the majority
of cells was not permeable to PI but were counterstained
green with SYTOY, thus indicating that cell membrane
was intact and functional (Fig. 8a). This was consistent
with the nanoSIMS images that showed high isotopic
intracellular enrichment of '*C/'?C, which indicated that
the '>C-glucose, used by the bacterium as carbon source,
was taken up and incorporated into the cell (Fig. 8b).
Thus, —5 °C is clearly a temperature still favourable for
C. psychrophilum to maintain a healthy and growing cell
population. At lower temperatures, —10 and —15 °C,
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Fig. 7. Plasmolysed cells of  Clostridium  psychrophilum  at
temperatures of —15 °C imaged by TEM. The periplasmatic space
appears filled with membrane vesicles (indicated by arrows) formed
by the membrane contraction consequent to the freezing-induced
osmotic stress. Cells are shown thin-sectioned longitudinally (a) and
transversely (b). Scale bar represents 200 nm.

however, most cells fluoresced red, indicating that the
membrane was permeable allowing PI to pass through. In
addition, we noted that in some cells, the red PI stain
was not evenly distributed, but interspersed between areas
staining green (Fig. 8c). The latter suggests that the mem-
brane was either locally or temporarily permeable to PI
Similar observations were made by Suo et al. (2009), and
Davey & Hexley (2011) when studying Salmonella ty-
phimurium and Saccharomyces cerevisiae exposed to physi-
cal (mechanical puncturing and heat treatment) and
chemical (ethanol exposure) stress. Moreover, Davey &
Hexley (2011) suggested an interesting possible evolution-

© 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved
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ary implication for the transient membrane permeability
as a way to facilitate horizontal gene transfer.

NanoSIMS imaging also showed no or extremely low
3C-isotopic enrichment for a higher percentage of the cells
incubated at —10 and —15 °C (Fig. 8d). This indicated
that, at these lower temperatures, most cells were metaboli-
cally inactive (with respect to glucose) or that the meta-
bolic rates were very low and hardly detectable.

It was interesting to observe with TEM that bacterial
cells incubated especially at subzero temperatures, —10
and —15 °C, accumulated large quantities of intracellular
granules (Fig. 9). The intracellular accumulation of poly-
saccharide-containing granules as a cold adaptation strat-
egy has been reported for Clostridium algoriphilum
(Pecheritsyna et al., 2011) and a few other psychrophilic
organisms (Jeon et al, 2004). Genes involved in the syn-
thesis of glucose polymers such as polyhydroxyalkanoates
and glucans were also detected in the genomes of psy-
chrophiles Colwellia psychrerythraea 34H and Exiguobacte-
rium sibiricum, respectively (Methé et al., 2005; Rodrigues
et al., 2008). Similar to our observations here on C. psy-
chrophilum, the storage of carbon polymers also increased
in C. algoriphilum with decreasing temperatures and was
highest at —5 °C (23% of the total biomass content)
(Pecheritsyna et al., 2011).

These inclusion bodies are likely to act as compatible
solutes that protect against freezing and osmotic effects.
Moreover, it is also possible that, under limiting thermal
stress conditions for cell proliferation, the available car-
bon is used by the cells as storage, which can be inter-
preted as the initial step in preparation to a long-term
survival of microorganisms in cryo-environments. Car-
bon-based polymers are degraded slowly, and the slower
this occurs, the longer the bacterium can survive. This
suggests that alternatives exist in clostridia, besides the
capability to form spores, to withstand temperature
extremes.
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Fig. 8. Comparison of physiological state and 1 X 0.10
elemental composition of bacterial cells 1BC/2C
incubated with "3C-glucose at —5 and —15 °C (€) —15°c L
inferred by LIVE/DEAD staining and the
13C/"?C ratio image by nanoSIMS. Healthy
cells at —5 °C fluoresce green (a) and have a
high intracellular *C/"?C (b). Instead, at

—15 °C, cells fluoresce unevenly red and
green () possibly due to localised/transient
membrane damage, and their internal isotopic
enrichment is very low and close to the
natural abundance (d). The white lines in the
nanoSIMS images define the regions of
interest that were used to calculate the
13C/"2C ratios. Insets (b) and (d) are the
respective secondary electron images. Scale
bar in (a) and (c) represents 5 um, and scale
bar in (b) and (d) represents 3 pm. Be2c

0.02 0.03

Fig. 9. Accumulation of polysaccharide
granules in the cytoplasm of Clostridium
psychrophilum at subzero temperatures,
—5°C (a), =10 °C (b) and —15 °C (c, d)
observed with TEM. Granules of
polysaccharide storage material appear as
electron translucent inclusions in the
cytoplasm and accumulate in larger quantity
at the lowest temperatures (c, d). Also visible
are plasmolysis areas caused by extracellular
freezing (c, d). Scale bar represents 200 nm.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Cell morphology changes in C. psychrophilum in
response to temperatures.

Fig. S2. Comparison between conventional glutaralde-
hyde-formaldehyde fixation (a) and lysine-acetate ruthe-
nium red (LRR) (b) for the visualisation of bacterial cell
surface and capsular material.
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