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Abstract: Dormant states of organisms are easier to store than the living state because they tolerate larger
variations in temperature, light, storage space etc., making them attractive for laboratory culture stocks and
also for experiments under special circumstances, especially space flight experiments. Like several other
organisms, Euglena gracilis is capable of forming desiccation tolerant resting states in order to survive
periods of unfavourable environmental conditions. In earlier experiments it was found that dormantEuglena
cells must not become completely desiccated. Some residual moisture is required to ensure recovery of the
resting states. To analyse the water demand in recovery of Euglena resting states, cells were transferred to
a defined amount of cotton wool (0.5 g). Subsequently different volumes of medium (1, 2, 3, 4, 5, 8, 10 and
20 ml) were added in order to supply humidity; a control was set up without additional liquid. Samples were
sealed in transparent 50 ml falcon tubes and stored for 9 months under three different conditions:

• Constant low light conditions in a culture chamber at 20°C,
• In a black box, illuminated with short light emitting diode-light pulses provided by joule thieves and
• In darkness in a black box.

After 9 months, cells were transferred to fresh medium and cell number, photosynthetic efficiency and
movement behavior was monitored over 3 weeks. It was found that cells recovered under all conditions except
in the control, where nomediumwas supplied. Transcription levels of 21 genes were analysed with aMultiplex-
polymerase chain reaction. One hour after rehydration five of these genes were found to be up-regulated:
ubiquitin, heat shock proteins HSP70, HSP90, the calcium-sensor protein frequenin and a distinct protein
kinase, which is involved in gravitaxis. The results indicate a transient general stress response of the cells.
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Introduction

Many microorganisms possess strategies to overcome un-
favourable environmental conditions, as they might occur
regularly in their habitat, as cold, drought, high salinity, sea-
sonal differences, or during space flight. Some bacteria and
many algae can desiccate and form durable resting states
(Kaprelyants et al. 1993). In the vegetative state, various
green algae (Chlorophyceae) and other algae groups live in
haploid configuration and perform asexual reproduction
(only mitosis). When conditions become unfavourable, these
algae produce gametes. Two gametes fuse to form a diploid
zygote, which often becomes a resistant thick-walled dormant
life form, called hypnozygote (Sandgren 1988). After ‘hatch-
ing’, it rapidly produces haploid vegetative cells. In the event
that this zygote directly develops into a diploid alga (in many
algae haploid as well as diploid vegetative generations exist), it

is called a zygospore (spores in general develop directly to a
new organism, gametes in contrast fuse to a zygote). A variety
of vegetative cells can become dormant as well. Inmany cyano-
bacteria, which are prokaryotes and in filamentous green algae
certain cells of the filaments become thick-walled in unfavour-
able environmental conditions and serve as dormant, often
desiccation-tolerant resting stages (Scherer & Potts 1989; Hill
et al. 1994).
Not every resting state is related to a generation cycle: the

unicellular fresh water flagellate Euglena gracilis is capable
of transforming into resistant cysts in order to survive adverse
conditions (Rosowski 1977). These cells excrete amucilaginous
protective coat and in addition Euglena replaces intracellular
water with the disaccharide trehalose (α-α‐1-1 glucose) to a
considerable extent (Takenaga et al. 1997). Similarly, in
other desiccation-tolerant organisms (e.g. mosses), trehalose
and other sugars as well as certain proteins preserve cellular
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structures upon desiccation (Ingram & Bartels 1996; Alpert
2006).
In the laboratory, resting states do not need sophisticated en-

vironmental control compared with the respective vegetative
cell cultures. This allows for simpler and less expensive storage
of inocula for biotechnological, ecotoxicological, or space ap-
plications. Malik tested various genera of microorganisms to
determine best way to induce long-term resting stages (Malik
1990) including Euglena (Malik 1993).
To clarify our methodology in comparison with already es-

tablished methods, we quickly report the conditions to be
tested for viability: in an upcoming experiment, Euglena will
be part of a closed ecological life support system in a space
flight experiment aboard a satellite. The cells need to survive
several stages of the mission prior to the experiment. First
they must survive 3 months travel to the USA from
Germanywithin the environmentally uncontrolled satellite fol-
lowed by integration of the satellite into the launch vehicle.
After launch, the cells have to be brought out of the resting
state to the vegetative state autonomously in the simplest and
most reliable manner possible: the storage vessel will be inte-
grated into an existing water loop in the experiment, where
Euglena is pumped into a gas-exchange compartment; this
excludes storage under vacuum. Euglena did not respond
well to freeze-drying in previous experiments, so we choose
this approach.
In preliminary experiments (data unpublished), we found

that Euglena cysts are quite desiccation-tolerant, but a certain
degree of moisture is necessary in order to ensure survival. In
this report we present a method to preserve resting stages of
Euglena for at least 9 months and provide physiological data
as well as results of gene expression analysis in the course of
recovery of the cells after storage. Additionally we show pri-
mary approaches to minimize the energy needed to keep the
resting states alive, allowing us to understand how this organ-
ism may perform during and in preparation for space flight
experiments.

Material and methods

Cell culture and growth condition

Euglena gracilis Z Klebs cells were grown in mineral medium
as described previously (Starr 1964; Checcucci 1976) under con-
tinuous lightof80 µmolphotonsm−2 s−1 (about21 Wm−2) from
mixed coolwhite andwarm tone fluorescent lamps at a tempera-
ture of about 20°C. Cells were grown in 1 l Schott bottles for
about 3 weeks.

Cell counts

Cells were counted after having been fixed with 1 ml 70% etha-
nol 9 ml−1 cell culture by means of a Thoma chamber and a
standard light microscope.

Preparation of the cells for dormancy

The cell density of the cultures in the Schott bottles was deter-
mined after around 3 weeks when stationary phase was

achieved. They were harvested by centrifugation at 800g for
5 min and the supernatant discarded. The pellet was resus-
pended with a part of the supernatant to a density of 107

cells ml−1, calculated from the previous count and re-dilution
with some of the supernatant. Then 50 ml Falcon-type tubes
were equipped with each 500 mg of autoclaved, pure common
cotton wool. Different amounts of mineral medium (Starr
1964) were added to the tubes: 1, 2, 3, 4, 5, 6, 8, 10, 20 ml. A
control was kept without the addition of any mineral medium.
Then 400 µl of concentrated cell suspension was added to each
tube (a total of 106 cells). The tubes were hermetically sealed
and placed in a rack under low light (about 43 µmol photons
m−2 s−1 or 9 W m−2 from mixed cool white and warm tone
fluorescent lamps) in a culture chamber at 20°C for 9 months
(‘culture chamber samples’). All steps were performed under
sterile conditions. For technical reasons, we could not set up re-
plicates. In order to test a way to use much less illumination
(and power) to keep the cells alive, a second experiment was
set up using 4 ml of mineral medium placed into 50 ml
Falcon-type tubes with 500 mg autoclaved cotton wool.
Later, 400 µl of a concentrated Euglena cell culture was added
(about 4 × 106 cells in total) per falcon tube. Two tubes were il-
luminated with identical joule thieves (‘joule thief samples’)
while three tubes served as dark controls (‘dark samples’).
The sampleswere kept in light-tight boxes at 20°C for 9months.
In a third experiment, four independent cell samples were

stored on cotton wool with 4 ml of mineral medium (as de-
scribed for the first experiment). The storage time was the
same as in the first experiment (9 months). These cells were
checked for gene expression changes by means of multiplex
polymerase chain reaction (PCR) and capillary electrophoresis
(see below).

Application of a joule thief device for low-power illumination

To test the suitability of very low and blinking light emitting
diode (LED)-light with extremely low power consumption, a
so-called joule thief was constructed to obtain a self-oscillating
voltage booster for generating a driving voltage. Its utility is
known for LEDs or other light sources such as neon lamps.
The main difference between the joule thief and other voltage
boosters is its ability to work with very low voltages down to
0.3 V (see also US Patent US4734658). It is also possible to
flash an LED with a joule thief to obtain a longer lifetime.
For example, with only one AA-battery, flashing joule thieves,
can operate an LED for more than 1 year with a duty cycle of
30% at approximately 45 kHz.
The circuit operates as an unregulated up-converter with the

self-oscillating characteristic of a blocking oscillator. The tran-
sistor connects the coil cyclically with the supply voltage,
which is stored in the magnetic field. This energy induces a
higher voltage in the blocking phase, causing a current flow
through the LED until the stored energy is dissipated.
Thus, the function of a joule thief is based on a self-stroking/

positive feedback process, which turns the transistor on, so that
the capacitor is loaded until the voltage is high enough to cause
the LED to flash. For this experiment we built a flashing joule
thief with a warm white LED (Nichia NSPL510DS), shown in
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the circuit diagram depicted in Fig. 1. The coil consisted of two
times 20 turns of copper wire (0.1 mm) around a ferrite toroid
with a diameter of 10 mm. An electrolytic capacitor of 47 µF
and a 10-kΩ resistor was connected to the base of a standard
BC547 NPN transistor. A single AA battery supplies the cir-
cuit with 1.5 V.

Recovery of the cells

After 9 months of storage, the culture chamber samples (cells
and cotton) were transferred to Schott bottles containing 1 l of
mineral medium each (same medium used for regular culture
growth). The Schott bottles were kept in the culture chamber
at 20°C and a light intensity of about 40 µmol photons m−2

s−1 or 9 Wm−2 from mixed cool white and warm tone fluores-
cent lamps. Cell counts as well as photosynthetic efficiency and
movement analysis were performed at regular time intervals
following rehydration. For analysis, 7–8 ml of each cell culture
werewithdrawn from the culture bottle under sterile conditions
and divided for the three different analysis procedures.
Due to the bad aspect (see the section Results) of the joule

thief samples and the dark samples, in the first step the tubes
were filled with mineral medium with the lid slightly loosened
in order to allow gas exchange with the atmosphere. At first,
cell counting monitored the growth in the fluid, whereas
many cells stuck in the cotton wool. After 3 days, the recovered
cultures were transferred to 500 ml mineral medium in Schott
bottles, which were subsequently located in a culture chamber
under the same conditions as indicated above.

Image analysis

Image analysis was performed with the computer-based
motion-analysis software Wintrack 2000 (Lebert & Häder
1999). In brief, every 40 ms the software detects the position
(x- and y-coordinates) of all objects, which meet pre-adjusted
expectations (e.g. size, velocity, grey level) and calculates the
center of gravity (COG) for each detected object. The COG
of an object in the first image and in the fifth image determines
the movement vector of the object. Vector length and angle are
calculated for all the recognized objects. A known frame rate
(x images per second) allows for the calculation of velocity.
In addition, cell size and form are calculated and all data are
stored. A defined (adjustable) amount of such single movement
vectors is calculated into pooled population data such as mean
velocity, amount of upward swimming cells and statistical

data, which indicate the precision of the orientation of a cell
culture. The primary parameter used in this respect is the
r-value, which ranges from 0 (no orientation of a cell culture,
no preferred movement direction of the cells) to 1 (high orien-
tation, all cells swim exactly in the same direction). The hard-
ware used was amanual Ecotox device (Tahedl 2000; Tahedl &
Häder 2001), that is in principle a horizontally mountedmicro-
scope with a camera attached. Infrared-LEDs serve as bright-
field illumination, as the cells cannot perceive IR-light and it is
not suitable for photosynthesis. Therefore, it does not induce
any photo-orientation or photosynthesis. Single use cuvettes
are assembled for each measurement: two microscope slides
are glued together with two layers of a U-shaped cut-out of
common adhesive tape. The space between the two slides is
100 µm wide. Cells are carefully and slowly filled in the cuvette
from the upper side. Then, the cuvette is inserted in a slit of the
microscope so that the position is vertical and enables move-
ment of cells with respect to the vector of gravity. The micro-
scope setup is impermeable to light after insertion of the
cuvette.

Determination of photosynthetic efficiency

Photosynthetic efficiency was measured by means of a PAM
(pulse-amplitude modulated) fluorometer. As long as the cell
concentration in the samples was very low, photosynthetic ef-
ficiency was determined with a Water PAM (Walz, Germany).
With increasing cell number, fluorescence of the cells exceeded
the measurement range of that instrument. Therefore, a less
sensitive PAM 2000 device was employed. Comparison of
both devices revealed that they delivered identical results in a
cell concentration range that both devices were able to detect.
The single saturation pulse method was used for the experi-
ments. A 20 min dark period ensured that the redox systems,
especially the primary electron acceptor (QA) were all in an
oxidized state. The maximum quantum yield FV/FMwas deter-
mined by the following equation:

FV/FM = (FM − F0)/FM,

where FM is the maximum Chl a fluorescence yield in the
dark-adapted state and F0 is the minimum Chl a fluorescence
yield in the dark-adapted state (Kalaji et al. 2014). Every data
point consists of five subsequent measurements.

Multiplex PCR and capillary gel electrophoresis

Four independent samples with dormant cells (4.2 × 106 cells in
4 ml mineral medium on 0.5 g cotton wool in 50 ml falcon
tubes as described above) were recovered with 5 ml of fresh
mineral medium. Samples for mRNA-analysis were with-
drawn directly after addition of medium and subsequently
after 1 h, 2, 4, 6, 8, and 10 d, respectively. RNA was isolated
with the TRIzol-method (Rio et al. 2010). In total 100 ng of
mRNA were transcribed into cDNA using the QuantiTECT
reverse transcription kit from QIAGEN. For the simultaneous
amplification of several genes from Euglena gracilis, a multi-
plex PCRwas carried out to detect gene expression differences.
The PCR reactions were carried out in 25 µl volume containing
2 ×Multiplex Master Mix (QIAGEN Multiplex PCR Plus

Fig. 1. Circuit diagram of a Joule thief: the flashing LED provides
enough light to preserve Euglena gracilis cells in the state of dormancy
while only drawing a minute amount of power from the battery.
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Kit), 0.2 µM of each primer (see Table 1) and template DNA
(10 ng) in a thermal cycler (C1000 Touch, Bio-Rad, USA.) The
PCR profile was as follows: 95°C for 5 min followed by 42 cy-
cles of amplification at 95°C for 30 s, 60°C for 3 min, 72°C for
90 s and with a final extension at 68°C for 30 min. Samples
were analysed using the QIAxcel Advanced System from
QIAGEN. Screen gel analysis took place using the OM500
Multiplex setting, with Default DNA, which was not diluted.
For analysis, 1 µl of the QXDNASizeMarker FX 174/ Hae III
(QIAGEN, Lot. Nr. 148044119) was mixed with 9 µl RNAse
free water.

Data calculation and statistics

The experiments were performed as independent quadrupli-
cates. The signals were normalized to two housekeeping
genes, actin and RuBisCO (large subunit). The raw data of
both genes showed a relatively stable signal with a mean devi-
ation of about 4.6% (RuBisCO) or 3.7% (actin). After normal-
ization, data of all time points were compared with each other.
The difference of the corresponding means was calculated and
a two-side student-test (p< 0.05) was performed (each set of
four results with any other set) to test the significance between
the datasets. Two criteria were set to regard a gene as differen-
tially expressed: a difference of 10 andmore percent and signifi-
cance expressed by student t-test.

Results

Observations during incubation

When the cells were placed in the 50 ml tubes on pre-wetted
cotton wool, they moved to the surface on top of the cotton
wool where they formed a green layer. In two samples, the

cotton chunk did not form a completely flat surface, but
some fiber skeins arose from the surface. The cells climbed
up the skeins, where they probably dried due to a lack of water.
Control cells without additional liquid did not move onto

the surface. During the storage period, these cells continually
bleached, while the other samples with additional amounts of
medium kept a green colour during the entire experiment.

Cell recovery and cell growth of dormant states kept in dim
light

After 9months on cotton wool in hermetically closed 50 ml fal-
con tubes the complete content of the tubes including immobi-
lized cells was transferred to 1 l bottles with mineral medium.
While almost all of the cells were found to be immotile and
rounded (Fig. 2, left) upon sampling during the transfer to
the Schott bottles, their aspect and behavior changed pro-
foundly during the following hours (Fig. 2, right), when sam-
ples were drawn and examined under the microscope.
Although the initial cell density was very low in all flasks, revi-
talization of the cells was observed. Only the samples without
additional fluid did not recover.
During the first 6 days, the cell number seemed to be low, but

the data showedan exponential growthduring this time (Fig. 3).
The fluctuation of the data is most likely due to different num-
bers of cells in the different setups were attached to the cotton
wool and the bottle. It was possible to remove the cells from the
bottle wall by shaking, but in each setup a different number of
cells remained attached to the cotton. Initially the 10 ml sample
as well as the 2 ml sample showed a slightly lower growth rate
compared with the others. The reason might be that in those
samples the cotton skeins as described earlier reduced the num-
ber of surviving cells and inhibited recovery.

Table 1. Primer used for the dormant state multiplex PCR. The mixture of primer was resuspended in 10 mM Tris, 1 mM EDTA
buffer

Gene Forward primer Reverse primer

Proteinkinase GAC GCC AAG GAT TTG GTC CGC A TTG CTG AGG ATC CAG CGG TGC T
Cation channel 2940 TAC CGC AGC ACC TCG AAG CAA C TGG AGC CGA GGT GCT GGA AGG
Adenylatecyclase GAG CATG GGG AGG ACT TCT ATT TC AGT TGC CGT TCA GGA ACG TCA TC
GPCR GTT AAG TTC TTC TTA AAT TAT CTG CTG AAC GA CTC TTG GTC TCT TCC GCA GCT TTG GTT T
Ubiquitin GGC GAG CAT TCA GGT GGC ATT G AAC AGA TCA GTC TTT GTG TAG ACG TCC AG
γ-Tubulin GCA AGA TCA GCT TCC AGG ACT TCG TGC GAA AAG GTT GGG CAG GGG AAA
CaM2 CGA CGT GGA TCA CAA GAA GTG CAT CA GAG TTT TGC AGT GAT CTC AGG GTC C
CaM3 TTC GTC GTA CAG GTC GAA CAC GAT CCC TCA GCG TTG GAT GT
Frequenin GAC GCC AAG GAT TTG GTC CGC A AGC GCC AAC GCT GCT AAT GTG T
Ca2+-channel ATC ACA GTC TGA CAG ATG AGG TGC TT GTT CAT GGA TGA GAA CGA TAT GAT CAA TTA
HSP70 GCC ATC AGC GCC TCA GGG GGA A TGC GCC CAG TAC ATG GCC CGT T
PAC β AAT CGC AAC TGC TCT ACA CTG GCA TCA CCC CCG AGG CTG AGT AAT T
RuBisCO GGG GAG AAG GGA ATG CCA GCC ACA TC TGA GAG CCA CGG CAG CAA ACA GTC
Dismutase AAC GCT GCC CAG CAC TAC AAC C ATG TAC GAG TCC CGC CGG TTC A
HSP90 GGA CAA GTC GCC AAG CGC ATC A GCG CGG TGT CAT CTT CTG CCT T
Cell cycle ATC GAG GAG CAG CTG CAG GAC T TGC AGG GTG TAC AGC TTC CCC A
Actin TCT CCC TCA CGC TGT TCT GCG A TTC ATG CTG TTG GGC GCA AGG T
α-Tubulin TGC TGG CAA GCA CGT TCC CCG T GGG CGC TCG ATG TCC AAG TTG CGT
PAC α GTG AAG CGG TCA CGA GTG CCA A TTC CCA CCA ACG AAG CCG GAG T
Phosphodiesterase TGG GCT GCA CAA GGT GAA AGG C GGC CAT GAA GAC CGC AAC CAC A
Proteinkinase A (PKA) GCG ACA AGG CCA ACC ATG ACC A TCG GTC GAC AGC ACC ATC TCC A
Trp-Asp motif GTG CTG GAC ACC GTG TAT CGC T GCA TCC CGG AGC TCG TCA AAC A
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Cell motility

After 1 day of rehydration, motile cells were found in all sam-
ples (except for the control without additional medium during
dormancy, which never recovered).
Due to the low cell density in combination with high

amounts of debris, it was not possible to trace the cells by
means of image analysis until day 4 after inoculation. Then
the image analysis indicated positive gravitaxis in all samples,
whichmeans that the cells analysis indicated positive gravitaxis
in all samples, which means that the cells moved downward in
the water column (Fig. 4). After about 10 days, negative grav-
itaxis was detected in almost all samples (Fig. 5).

Photosynthetic yield

Immediately after rehydration, photosynthesis was observed.
Within 3 days, it almost doubled and indicated a good devel-
opment of the cell culture. After that, it remained stable and
similar regardless of the amount of medium used at the begin-
ning of the storage time (Fig. 6).

Cell recovery and growth of dormancy states in darkness or
illuminated with low-energy light pulses

In contrast to the cells kept under dim light, the aspect of the
cells that were kept in total darkness and those that were illu-
minated by the joule thief appeared not very promising after 9
months: all cells on the cotton wool had a blackish colour and
seemed unlikely to have survived. For this reason, the contain-
ers were filled with medium to a total volume of 50 ml.
Remarkably, the samples showed recovery after 4 days. With
the high sensitivity water-PAM, considerable photosynthetic
activity was detected in all samples (Fig. 7).
After 6 days in all samples freely swimming cells were de-

tected. After 11 days, the samples were transferred into 500
ml medium, where all cultures developed comparable with
the samples, which were stored under constant light.

Transcription analysis

Immediately after rehydration with fresh mineral medium
many of the investigated genes showed reduced transcription

Fig. 2. Euglena gracilis cells after 9 months of storage on moist cotton wool in hermetically closed containers. Left: Cell sample drawn and
observed immediately after opening the container, right picture: cell sample from the same culture after 2 h incubation in fresh medium.

Fig. 3. Increase of cell number of rehydrated dormant stages of Euglena gracilis. Cells (4 × 106 cells in a total volume of 400 µl medium) were kept
for 9 months in closed containers (50 ml) on 0.5 g cotton wool with 0, 1, 2, 3, 4, 5, 6, 8, 10, and 20 ml of medium. Cells were stored under low light
conditions (7 W×m−2 PAR) at 20°C. In order to induce rehydration, cells in the container were transferred into 1 l of medium. Cells without
medium added in the beginning of the experiment (0 ml line) did not recover.
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compared with the sample withdrawn 1 h after recovery.Many
transcripts were found to be more highly expressed in the 1
h-sample (Fig. 8) compared with the sample immediately
after rehydration. Only genes that met the two criteria (10%
and t-test) in both normalizations against actin and
RuBisCO were considered. After applying these stringent cri-
teria, the following transcripts were significantly more highly
(p< 0.05) expressed after 1 h: the heat shock proteins HSP 70
and HSP 90, the calcium-sensor protein frequenin, and ubiqui-
tin (Table 2, Fig. 8). Further development of the cell culture
from day 1 to day 2 showed a significant increase of γ-tubulin.
Using another method to estimate the expression level (sam-

ples that deviate 15% from themean of all experimental days), a
higher number of differentially expressed genes became visible.
While directly after addition of mineral medium 9 of 20 genes

were down-regulated compared with the mean of all days, 8
genes were significantly up-regulated compared with the mean
after 1 h (no gene was lower expressed than the mean). In the
2-day sample only two genes with lower expression were
found, on the 4th day two were up-regulated. At the 6th day
no investigated gene was changed compared with the mean.
At day 8, strong changes occurred with 10 genes down- and 3
genes up-regulated, while at day 10 only four genes were differ-
ent with a higher expression.

Discussion

Microscopic observation showed that not all Euglena gracilis
cells formed thick-walled dormant states. However, the de-
scribed method of cell preservation leads to reliably

Fig. 4. Circular histograms of the orientation of the cultures stored with dim light after 4 days of revitalization. All samples show downward
orientation. Numbers indicate the volume of medium added in the beginning of the experiment. Grey line: theta, average direction of the
movement.
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recoverable cell cultures of Euglena gracilis after prolonged
storage. Dormant states of microorganisms are employed in
a number of applications: encysted cyanobacteria are used
for rice field fertilization (Vaishampayan et al. 2001). For the
restauration of eroded landscapes (Hu et al. 2003; Xie et al.
2007; Rao et al. 2009; Wang et al. 2009; Li et al. 2014) huge
amounts of cells are sprayed onto the soil; when humidity is
available, they grow as filamentous cell strains and excrete con-
siderable amounts of polysaccharides forming crusts, which
immobilize the soil. During dry periods, the cells survive in
dormancy. Field experiments resulted in a rapid recovery of
the soil with a fast succession from moss to grass and even
trees within about 10 years.
Also within the laboratory, dormant states offer a number

of advantages: they can be stored as stock cultures under

conditions less demanding in terms of power (illumination,
temperature) and environmental control. They do not require
as many person-hours of maintenance as serial subculturing.
However, many of the standard procedures come with certain
conditions, that were not compatible with our requirements:
the organisms are stored under vacuum and preserving agents
are added (Malik 1990, 1993).
Dormant states of eukaryotic algae such as the resting states

of Euglena gracilis are potentially of great interest for further
applications (e.g., stock culture for ecotoxicological studies).
Malik determined survival of different green algae and
Euglena gracilis after long term storage (6 month and 12
month) (Malik 1995): liquid cultures (logarithmic growth
phase) of the algae were kept under low light conditions (50–
100 lux) at 9°C or 20°C. All green algae (Chlorella pyrenoidosa,

Fig. 5. Circular histograms of the orientation of the cultures stored with dim light after about 10 days of revitalization. Samples show mostly
upward orientation. Numbers indicate the volume of medium added in the beginning of the experiment. Grey line: theta, average direction of the
movement.
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Chlorella vulgaris, Selenastrum capricornutum, and Scenedes-
mus subspicatus) recovered well in all storage conditions
(both temperatures, with and without additives). Euglena gra-
cilis survived only 1 month under these conditions (then, ‘over-
growth of associated bacterial flora’ occurred), although the
culture conditions had been very similar to the conditions in
our experiment. Obviously, the survival of Euglena gracilis is
supported by the presence of cotton wool and availability of
medium, because all those samples showed good recovery
after 9 months, while the sample without medium did not.
Similarly, without cotton wool the survival of concentrated
cells is highly unlikely over a prolonged period (as observed in
previous experiments). Hence, a certain residual moisture is im-
portant. The cotton wool provides a huge surface for the cells to
attach. Compared with a liquid culture of similar cell density,
cotton wool substrate improves the recovery rate considerably

(as tested in previous experiments, data not shown), even though
the reason is not clear. About 10% of absolute water content
(0.1 g H2O per gram dry mass, which corresponds to an equilib-
rium with air of about 50% relative humidity) is necessary to
form a monolayer of water around proteins and membranes
(Alpert 2006). This could well mean that in the presence of
high amounts of medium (20 ml) not all cells may have devel-
oped into resting states and it could be argued that we dealt
with starving cells rather than resting cells in this case.
The motility of the cells during recovery showed a normal

pattern: young cell cultures usually show positive gravitaxis
(Häder et al. 2006; Richter et al. 2006, 2007), that changes
after a couple of days to negative gravitaxis.
Photosynthetic yield indicates an initially slightly faster de-

velopment of the culture with 20 ml of medium compared with
the samples with less medium (Fig. 7). However, the difference

Fig. 6. Photosynthetic efficiency of rehydrated dormant stages ofEuglena gracilis. From light to dark bars: hibernation in the presence of 0, 1, 2, 3,
4, 5, 6, 8, 10 and 20 μl of medium. Each bar represents the mean of five subsequent measurements and their standard deviation. For details see
Fig. 3.

Fig. 7. Increase of chlorophyll fluorescence of rehydrated dormant stages of Euglena gracilis in the first days of recovery determined with a
water-PAM device. The fluorescence signal was normalized and indicates growth of the cell cultures. For details see Fig. 3.
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decreases over time as it does with the cell numbers (Fig. 3).
While in the other samples the medium was completely soaked
up by the cotton wool (being a ‘water-in-cotton-habitat’), at 20
ml the substrate was completely submersed (being a
‘cotton-in-water-habitat’). In any case, addition of a total
amount of 1.4 ml of medium with 4 000 000 cells (1 ml of me-
dium and 400 µl of concentrated cells) on 0.5 g of cotton wool
enables survival of Euglena gracilis-cells for at least 9 months.
It is very likely that also lower amounts of humidity would be
sufficient but this remains to be investigated.
The preliminary results achievedwith low energy light pulses

proved to be quite interesting because they show that even with
a minute amount of energy, the viability of an inoculum can be
maintained over a long period. The power of one AA cell was
sufficient to supply light over 9 months to enable better recov-
ery of cells compared with cells stored in darkness. In any case,
these non-illuminated cells did recover as well but they needed
more time to grow to a considerably dense culture. For this rea-
son, we do not recommend storing resting stages for in dark-
ness. After all, the dormant state is a natural adaption of E.
gracilis to unfavourable natural conditions, which do not usu-
ally include months of darkness.

Changes of external parameters such as light, temperature,
humidity, salinity etc., make adaptation of the cellular machin-
ery necessary. This is achieved by means of protein-
modification (e.g., phosphorylation (Toroser & Huber 1997),
protein degradation (see below) as well as synthesis of new pro-
teins (Kosová et al. 2011). The latter is detected by a change in
the transcription profile.
In this study, significant changes of the ubiquitin-transcription

level was observed 1 h after rehydration, indicating accumula-
tion of degenerated proteins during long-term storage.
Ubiquitination is a sign of degradation of proteins and is crucial
for regulationofproteins aswell as removal ofmisfoldedproteins
(Ciechanover 1994). Among the important roles of ubiquitina-
tion inplants is the local aswell as the systemic responses of phos-
phate starvation in Arabidopsis thaliana (Rojas-Triana et al.
2013). Involvement of desiccation/rehydration-associated
changes in ubiquitin-mediated protein degradation was shown
in desiccation tolerant moss (O’Mahony & Oliver 1999). In
yeast, ubiquitin was found to have a vital role in germination
of ascospores (no sporulation in UBI4-deficient Saccharomyces
cerevisiae clones). In addition, these cells were hypersensitive to
high temperature, amino acid analogs (lead to misfolded pro-
teins) and starvation (Finley et al. 1987). The authors suggest
that stress leads to the accumulation of degenerated proteins
that are toxic, if not degraded.
Multiplex data indicate an over expression of the heat shock

proteins 70 and 90 one hour after rehydration. Abiotic stress
leads to formationofdifferentHSPs, that support protein folding
and stabilize proteins and membranes (Wang et al. 2004;
Timperio et al. 2008).HSPs play an important role in desiccation
of the resurrection plantXerophyta viscosa (Farrant et al. 2015).
An important signal for HSP-activation are abnormally folded
proteins (Jayakumar et al. 1989).Depletion of essential elements
is also accompanied by increasedHSP-production: Fe-depletion
was described to increase, amongmany other effects, the expres-
sion of HSPs and calcium-sensor proteins in Phaeodactylum tri-
cornutum (Allen & Crane 1976; Allen et al. 2008).

Fig. 8. Changes in the expression profile normalized to RuBisCO between cells directly after rehydration (light grey) and 1 h after rehydration
(dark grey). Asterisks display changes more than 10% and significance (p< 0.05).

Table 2. Comparison of gene expression between Euglena cells
directly after rehydration and 1 h after rehydration

Gene
Normalized for
actin

Normalized for
RuBisCO

Ubiquitin −10.51 −15.88
HSP70 −17.29 −21.46
HSP90 −15.33 −18.24
frequenin −15.49 −20.16
Proteinkinase A (PKA) −9.21* −11.32

The table shows only genes, which were significantly higher expressed
after normalization for actin and RuBisCO, respectively. In addition
only genes, which differ at least 10% were considered.
*Significant but below 10%-threshold.
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The gene expression levels off after 2 days, leading to the as-
sumption that the differences in expression is a transient effect
on the cells. Microgravity-induced stress response in Euglena
gracilis was observed during a space flight experiment, where
expression of certain genes was determined after about 40
min of microgravity (Nasir et al. 2014). It was found that
many stress-related genes were up-regulated (HSPs, oxidative
stress and repair proteins). Although the number of analysed
genes was limited, the data indicate transient stress response
of the cells after rehydration.
Long-term storage ofEuglena gracilis cells probably resulted

in accumulation of misfolded proteins, which made their deg-
radation via an ubiquitin-proteasome system necessary.
Increase of heat-shock proteins transcription indicates a tran-
sient stress response after rehydration in fresh medium. The re-
start of metabolism and preparation of cell division is most
likely accompanied with an increase in protein translation.
The HSPs increase the likelihood of proper protein folding.
The calcium-sensor protein frequenin was found to become

up-regulated 1 h after rehydration of the cells. An increase of a
calcium-related protein is in agreement with other results in
stress research. Calcium-dependent signaling in mediation of
abiotic stress is an intensively studied research field (Knight
2005; Vinocur & Altman 2005). Stress induced calcium in-
crease regulates signal transduction chains such as CaM,
CDPK/CCaMK, phosphatases, etc. (Poovaiah & Reddy
1990; Reddy et al. 2012).
Application of microarrays would deliver a more complete

picture of the gene-families involved in recovery of long-term
stored Euglena gracilis cells. Under water stress (20% remain-
ing humidity) in Rhodococcus jostiimore than 700 differentially
expressed genes were detected by microarray analysis (LeBlanc
et al. 2008).
The results of this study clearly demonstrates that the meth-

od described enables long-term storage of Euglena gracilis cells
with reliable recovery rates. In recent tests, dormant cells were
recovered after 20 months of storage (unpublished results) and
some of our samples still wait to be awoken.
As Euglena is a candidate organism for bio-regenerative life

support systems (BRLSS) and micro-gravity studies in general,
this simple storage method can be used to increase the reliabil-
ity of such a system for long-term space flights, however, one of
the potential risks for BRLSS is contamination.With a stock of
dormant states stowed away without much need of energy and
space, it would be possible to re-inoculate the system after
proper cleansing if contamination occurred. Once grown to
an appropriate cell density (and still axenic), a sample could
easily been drawn to replace the spent inoculum, thus decreas-
ing the need of additional backups.
This study clearly demonstrates that Euglena can survive the

long and sometimes inhospitable conditions necessary for
space flight research and for its applied use in space habitats.
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