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Abstract Maintaining pure cultures using preservation
methods is of high importance for biotechnological purposes.
However, preservation does not necessarily guarantee the
genetic stability of these cultures. Therefore, preservation
methods are currently needed to assure viability as well as
genetic, physiological, and morphological integrity across
storage periods. In this study, preservation of five isolates
from the microalgae and cyanobacteria collection of the
Plant Biology Department, Federal University of Vicosa,
Minas Gerais, Brazil was investigated via monthly analyses
of cell viability, biomass recovery, and contaminant concen-
trations over a period of 120 days. Lyophilization was ade-
quate for both heterocystous cyanobacteria and other strains
that were able to differentiate hormogones or to synthesize
thick layers of exopolysaccharides. Lyophilization was also
able to maintain cultures with low levels of contaminants.
Dimethyl sulfoxide was relatively efficient, though some of
the strains were susceptible to its cytotoxic effects. Our results
demonstrated that cryopreservation with glycerol was the
most efficient method. The ability to routinely preserve cya-
nobacterial strains reduces costs associated with maintaining
large culture collections and reduces the risks of losing par-
ticular strains or species through contamination and genetic
drift. The results obtained in this study are therefore discussed
in the context of the efficiency of the methods and the current
need to develop suitable methods for maintenance of cyano-
bacterial collections.
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Introduction

Cyanobacteria are among the oldest organisms on earth and
have played a crucial role in the evolution of life by gener-
ating both an oxidizing atmosphere via the production of
oxygen as a photosynthetic byproduct and organic carbon,
which is the major ecological energy commodity. These
organisms constitute a unique phylogenetic group of bacte-
ria that evolved approximately three billion years ago and
were the first organisms to perform oxygenic photosynthesis
(Hackenberg et al. 2011). In addition, cyanobacteria occupy
diverse ecological niches and exhibit enormous diversity in
terms of their habitats, physiology, morphology, and meta-
bolic capabilities (Beck et al. 2012). In fact, cyanobacteria
appear to be able to establish competitive growth in almost
any environment where there is, at least temporarily, liquid
water and sunlight (Badger et al. 2006).

Cyanobacteria can be developed as a highly productive
microbial cell factory that can harvest solar energy and
convert atmospheric CO, to useful products (Parmar et al.
2011). Accordingly, cyanobacteria are advantageous organ-
isms for use in industrial applications, as they exhibit rapid
cell growth, have simple nutrient requirements (mainly wa-
ter, sunlight, and CO,) (Ruffing 2011), and are naturally
transformable, thus presenting the potential to be genetically
engineered (Golden et al. 1987; Koksharova and Wolk
2002; Huang et al. 2010; Heidorn et al. 2011; Ruffing
2011; Wilde and Dienst 2011).

Unlike most other groups of microorganisms, both eu-
karyotic microalgae and prokaryotic cyanobacteria (blue-
green algae) have traditionally been maintained via serial
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subculturing, with the frequency of transfer being largely
determined by the growth characteristics of the strain (Day
and DeVille 1995; Day 2007). However, continuous main-
tenance of large culture collections and actively growing
cyanobacterial strains over long periods of time is relatively
complex, time consuming, and when it involves large numb-
ers of cultures, expensive. This technique has the disadvan-
tages of being labor intensive and being characterized by a
constant risk of strains or species becoming contaminated
and of genetic drift occurring under serial subculturing
(Lorenz et al. 2005; Rhodes et al. 2006). The ability to
routinely preserve cyanobacteria would circumvent some
of these issues and enable a larger number of strains to be
maintained.

Cyanobacteria preservation methods can at least theoret-
ically be divided in two groups according to maintaining
strains in either continued or suspended metabolism. The
methods that allow continued metabolism include storage in
sterile water, subculturing in agar, cool storage at temper-
atures ranging from 5 to 8 °C and deep freezing at —20 °C.
Preservation via suspended metabolism is achieved by drying
cultures using silica gel or lyophilization, or through rapid
snap freezing with liquid nitrogen (Borman et al. 2006).

Lyophilization preservation has been successfully applied
for preserving yeast and sporulating fungi as well as bacteria
(Berny and Hennebert 1991). The advantages of this meth-
odology include protection from contamination or infesta-
tion during storage, long-term viability, and the facility of
strain distribution (Smith and Onion 1983). However, not all
strains survive the process and, among those surviving, very
low quantitative viability levels have been extensively
reported (Atkin et al. 1949; Kirsop 1955; Smith and Onion
1983; Berny and Hennebert 1991; Bunse and Steigleder
1991).

The application of cryopreservation has stimulated sev-
eral studies addressing the effects of low temperatures and
freezing processes on cells and tissues in order to develop
efficient protocols for genotype preservation (Day and
DeVille 1995; Mycock et al. 1995; Newton et al. 1998;
Day 2007). Accordingly, it has been widely assumed that
for cryopreservation methods to be successful, the addition
of an intracellular cryoprotective agent in the freezing solu-
tion is indispensable (Yu and Quinn 1994; Smith et al. 2001;
Castro et al. 2011). However, issues concerning the intra-
cellular cryoprotective agents used (e.g., their metabolism
and potential toxicity) must be examined carefully in order
to select the most suitable cryoprotectant for a specific
structure. Although cryopreservation has been thought of
as the most suitable method for achieving long-term genetic
stability (Grout 1995), this technique has not been adopted
by a large number of researchers (Day et al. 2000; Day
2007). Thus, although few cyanobacterial cryopreservation
studies have been previously carried out (Watanabe 1959;
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Holm-Hansen 1973; Box 1988), a cryopreservation protocol
appropriate for a wide range of cyanobacterial strains has
not yet been established. The aim of this research initiative
was to determine the optimal system for the cryopreserva-
tion of morphologically distinct cyanobacterial strains using
different cryoprotective agents. The effects of the different
methods applied were monitored, and the combined data
obtained indicate an alternative preservation method for
cyanobacterial collections.

Materials and methods

The five cyanobacterial strains used in this study were
selected from the microalgae and cyanobacteria collection
of the Plant Biology Department, Federal University of
Vicosa, Minas Gerais, Brazil by choosing morphological
representatives of four orders within the phylum
Cyanobacteria: Chroococcales (Synechocystis sp.),
Oscillatoriales (Phormidium sp.), Nostocales (Brasilonema
octagenarum and Nostoc sp.), and Stigonematales
(Stigonema sp.) (Anagnostidis and Komarek 1985). These
five strains represent a variety of different cell morpholo-
gies, such as, unicellular forms, motile and nonmotile cells,
filamentous forms with different types of cells (vegetative
cells, heterocysts, and akinetes), and non-heterocystous
forms (Table 1; Fig. 1).

For each strain, aliquots of 0.5 mL were taken from
cultures and inoculated into 125-mL Erlenmeyer flasks con-
taining 50 mL of BG 11 culture medium (Rippka et al.
1979), with 0.15 % (w/v) NaNO; being added only to the
cultures of non-heterocystous cyanobacteria. The
Erlenmeyer flasks were maintained under an 18/6-h day/
night light cycle with a 50-pumol photons m %s ' light
intensity, a temperature of 24+2 °C, and constant shaking
(90 rpm) for 60 days to allow differentiation of structures
such as akinetes, hormogones and hormocysts, given that
these structures maximize the tolerance of the strains to
cryopreservation conditions and lyophilization.

Sample preparation

The cultures were subjected to homogenization and centri-
fuged at 15,000xg for 15 min. The supernatant was dis-
carded, and the pellet was resuspended in 5 mL of saline
solution (NaCl 0.85 % w/v). This procedure was repeated
twice to remove biomass residues. The final pellet was
resuspended in BG 11 medium (with or without NO5 ).

Maintenance by cryopreservation

For the experiments involving cryopreservation, dimethyl
sulfoxide (DMSO) and glycerol were used as cryoprotective
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Table 1 Cyanobacteria strains used in this study and their characteristics

Orders Selected strains Strain number Morphologies

Chroococcales Synechocystis sp. CCM-UFV 0039 Unicellular

Oscillatoriales Phormidium sp. CCM-UFV 0034 Filaments non-heterocystous

Nostocales Nostoc sp. CCM-UFV 0010 Filaments heterocystous

Nostocales Brasilonema octagenarum UFV-EIl Filaments heterocystous with false branching

Stigonematales Stigonema sp.

CCM-UFV 0036

Filaments heterocystous with true branching

The strains were selected from the Microalgal and Cyanobacteria Collection of the Plant Biology Department and are identified by their registration
numbers. The five strains exhibit different morphological characteristics and represent the four taxonomic orders present in the phylum

Cyanobacteria

agents at concentrations of 5 % and 10 % v/v, respectively
(Romo and Becares 1992; Simione 1998; Smith et al. 2001).
The cryoprotectants were diluted in culture medium to en-
sure more uniform exposure when added to the cell
suspension.

Two aliquots of the same volume were removed from
homogenized cultures and centrifuged, and the supernatant
was discarded. A solution of fresh culture medium contain-
ing one of the cryoprotective agents (DMSO or glycerol)
was added to each pellet. The equilibration period for the
cultures was equal to 15 min (Simione 1998; Day 2007).
After 10 min of exposure, aliquots of 1 mL were transferred
to labeled 1.5 mL tubes (strain/method), and when the
equilibration period was complete, the 1.5-mL tubes were
transferred to an ultrafreezer (—80 °C) and stored in a verti-
cal orientation.

Maintenance by lyophilization

Aliquots of 1.0 mL were transferred to labeled 1.5-mL tubes
(strain/method), which were vertically oriented prior to be-
ing subjected to flash freezing using liquid nitrogen (Smith
et al. 2001; Day 2007). After freezing, the 1.5-mL tubes
were placed in a model Lo, lyophilizer (LIOTOP, Brazil),
and the samples were dried completely. After this process
was complete, all materials were kept in a desiccator con-
taining blue silica gel.

Viability analyses and recovery time for biomass

The viability level and capacity to produce biomass were
monitored monthly over a period of 120 days in the five
strains subjected to cryopreservation and lyophilization.
Frozen samples were removed each month from the stored
samples and thawed in a Becker containing sterile saline
solution at approximately 25 °C. The content of each 1.5-
mL tube was transferred to centrifuge tubes containing 9 mL
of saline solution to dilute the added cryoprotectant. The
cultures were centrifuged, and the supernatant was dis-
carded. This procedure was repeated twice to completely

remove the cryoprotectant (Simione 1998; Day 2007).
The lyophilized material was then removed from the
desiccator, rehydrated in 5 mL of saline solution, and
homogenized in a shaker tube. The cell suspension was
centrifuged, and the pellet was resuspended in 1 mL of
saline solution.

To evaluate the biomass production capacity, 200 pL
of a thawed or rehydrated cell suspension was inocu-
lated into Erlenmeyer flasks containing 20 mL of BG
11 culture medium and maintained at room temperature
under the photoautotrophic conditions described previ-
ously. The evaluation of growth was performed by
daily observation to visualize the formation of colonies
inside the Erlenmeyer flasks (Taylor and Fletcher 1998;
Day 2007).

The identification of viable cells was performed by add-
ing 0.7 mL of Ringer’s solution containing 0.2 % TTC to
1 mL of a cell suspension. The reaction was maintained in
the dark for 12 h (Markelova et al. 2000; Marin et al. 2006),
and viable cells were determined based on the occurrence of
purple coloration (Markelova et al. 2000). Viability levels
were determined via cell counting performed in Neubauer
chamber (Optik Labor, Germany) and were calculated as
follows:

Number of cells stained x 100

Viability level (%) = Total number of cells

Quantification of contaminants

The presence of contaminants (heterotrophic bacteria ad-
hered to exopolysaccharides) in both control cultures and
preserved samples was quantified monthly over a 120-day
period to assess whether significant changes in the number
of the contaminant bacteria occurred due to the different
methodologies used.

To obtain suspensions of bacterial cells, cultures of each
strain were subjected to exopolysaccharide extraction
according to Fiore and colleagues (2000). After this proce-
dure, serial dilutions were performed, and a 25-pL aliquot
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Fig. 1 Morphological characteristics of the selected strains under
control conditions and after preservation. The tested strains were
Synechocystis sp. (a—¢), Phormidium sp. (d—f), B. octagenarum (g-i),
Nostoc sp. (j-1), and Stigonema sp. (m—o0). Vegetative cells and differ-
ent cellular structures were observed after 12 h of incubation in Ring-
er’s solution containing 0.2 % TTC; the presence of purple formazan

was spread on nutrient agar plates. The plates were main-
tained at 30 °C for 12-24 h, or until colonies appeared to

@ Springer

crystals indicates a positive reaction. Control cultures are shown in the
first column, lyophilized cultures in the second column, and cultures
cryopreserved with glycerol in the third. Abbreviations: colony (co);
vegetative cells (vc); vegetative cells in the differentiation stage (vc,);
filament (f); hormocysts (%c); hormogones (iim); heterocysts (h?); false
branching (fb); true branching (tb)

quantify the number of colony-forming units (CFU)
(Gerhardt and Drew 1994).
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Stigonema sp. (e) subjected to lyophilization and cryopreservation with
glycerol and DMSO. Linear regression analyses was realized to assess
the possible interaction effect between the variables time (days) and
method. The equation is shown in each panel

Statistical analyses

The viability and contaminant analyses were performed using
a completely randomized design with three replicates under a
3 x4 factorial design based on the three methods of preserva-
tion (cryopreservation using DMSO or glycerol and lyophili-
zation) and four time intervals (30, 60, 90, and 120 days). The
obtained data were analyzed with the SAEG software, version
9.1 (SAEG 2007) via analysis of variance and subsequent
comparison of means using the Dunnett test at the 5 % signif-
icance level. Additionally, evaluation of the effect of time on
each method was performed by linear regression.

Results
Viability analyses

Prior to cryopreservation, all five cyanobacterial strains were
analyzed using light microscopy to confirm the presence of
morphological characteristics intrinsic to the selected strains
(Table 1; Fig. 1). The strains used in the present study for
evaluation of the preservation methods showed high viability
levels (from 78 % to 98 %) as well as differentiated structures
after 60 days of cultivation. In general, the highest viability
(86.6 %) was observed when using glycerol as a cryoprotec-
tive agent. When DMSO was used as a cryoprotective agent, a
cell viability of 64 % was maintained after 120 day of culti-
vation. Lyophilization preservation resulted in a very low
percentage number of viable cells (14 %).

Cryopreservation in the presence of glycerol

Cryopreservation of Synechocystis sp. in the presence of glyc-
erol led to a viability level reduction of nearly 10 % after
120 days of cultivation (Fig. 2a), with a significant interaction
detected between the investigated variables of time and meth-
od. Utilization of glycerol as a cryoprotectant was proven to
be more efficient than the other methods for the cryopreser-
vation of Phormidium sp. (Fig. 2b), Nostoc sp. (Fig. 2d), and
Stigonema sp. (Fig. 2e), with a constant high viability of cells
observed throughout the incubation period (120 days).
Brasilonema octagenarum cells showed the highest viability
level at the beginning of the treatment; however, during the
preservation period, a significant reduction of the viability
level was detected (Fig. 2¢).
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Table 2 Biomass production by the cyanobacterial strains after preservation

Brasilonema octagenarum Lyophilization

Cryopreservation (Glycerol)

Cryopreservation (DMSO)

+ + + + + + + + + + + +
Nostoc sp. + + + + + + + + + + + +
Phormidium sp. + - + - + + + + + + + +
Stigonema sp. + + + + + + + + + + + +
Synechocystis sp. - - - - + + + + + n 4 "
Time (days) 30 60 90 120 30 60 90 120 30 60 90 120

Biomass was monitored monthly over a period of 120 days under each of the preservation methods. Each determination represents the mean of

three replicates. (+) Biomass production; (—) no growth

Cryopreservation in the presence of DMSO

When the cyanobacteria were cryopreserved in the presence
of DMSO, Synechocystis sp. showed the highest viability
level. A significant interaction between the time of cryopres-
ervation and the method used was also observed (Fig. 2a).
Although a similar pattern was observed for Phormidium sp.,
B. octagenarum and Stigonema sp., this method did not pro-
vide the highest viability levels for these strains (Fig. 2b, c, e).
Less than 6 % of cells were observed to be viable throughout
the preservation period for Nostoc sp. (Fig. 2d).

Lyophilization

No positive reaction with TTC was observed in any of the
lyophilized cells of Synechocystis sp., Phormidium sp., and
B. octagenarum (Fig. 2a, b, c), whereas approximately
4.0 % of the Nostoc sp. cells were able to reduce TTC,
resulting in purple crystal formation, and this percentage
was maintained throughout the evaluated preservation peri-
od (Fig. 2d). Lyophilized cells of Stigonema sp. showed a
positive reaction level of greater than 70 % at 30 days of
cultivation, though this value was significantly reduced
during the preservation period (Fig. 2e).

Stained cell types

Given that some non-heterocystous cyanobacteria, such as
Synechocystis sp., do not exhibit differentiated cell struc-
tures, and vegetative cells are more susceptible to lyophili-
zation, a positive reaction was only observed in vegetative
cells in both control and cryopreserved cultures (Fig. 1a, b,
c). Although both vegetative cells and hormogones of
Phormidium sp. and B. octagenarum reacted with TTC in
normal and cryopreserved cultures (Fig. 1f, i), rehydration
was not sufficient to rescue the metabolic activity of these
strains (Fig. le, h).

Few hormogones of cryopreserved cultures of Nostoc sp.
showed a positive reaction, which was mainly observed in
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cells maintained with glycerol but also with DMSO
(Fig. 11). It is important to note that vegetative cells with
positive reaction were mainly located in the interior of the
colony, particularly in colonies preserved by lyophilization
or frozen with DMSO (Fig. 1k).

Interestingly, both vegetative cells and hormocysts of
Stigonema sp. exhibited a positive reaction with TTC
under all of the tested methods. However, in lyophilized
samples of young vegetative cells, there was no positive
reaction detected. It was also possible to observe that the
distinct cell types presented different sizes of the crystals
(Fig. In, o).

Recovery time of biomass

To obtain a clear reflection of the tested methods, biomass
recovery was performed after cryopreservation and lyophi-
lization. Biomass production was observed after 2 days in
Synechocystis sp. cryopreserved in the presence of DMSO
but not until after 5 days for the cells preserved with glyc-
erol (Table 2). In sharp contrast, no growth was observed for
lyophilized cells of Synechocystis sp. (Table 2).

The cells of Phormidium sp. maintained under cryo-
preservation produced biomass after 2 days of cultivation
using either glycerol or DMSO, whereas lyophilized cells
were only able to form new colonies at the first and third
sampling after 7 and 12 days of evaluation, respectively
(Table 2).

For B. octagenarum, 10 and 22 days were necessary for
biomass production to occur in cryopreserved and lyophi-
lized cells, respectively. Nostoc sp. cells were able to form
colonies after 4, 7, and 10 days when cryopreservation was
performed with glycerol or DMSO or when lyophilization
was used, respectively. Additionally, in Stigonema sp. cells
cryopreserved with glycerol or DMSO, biomass growth was
evident after 5 and 7 days of cultivation, respectively,
whereas lyophilized cells were only able to generate colo-
nies after 13 days during the first 2 months and after 20 days
in the subsequent evaluations (Table 2).
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Quantification of contaminants

To obtain corroborative evidence for the results highlighted
above, we assessed the possibility of contamination under
each of the evaluated preservation methods based on deter-
mination of the presence of undesired organisms by quanti-
fying the CFU number (Fig. 3). When the contamination
present in control cells was compared with that in lyophi-
lized cells, we observed a reduction of contaminants by
more than 99 % after preservation. In addition, no difference
was observed when comparing cryopreservation in the pres-
ence of DMSO or glycerol in any of the strains analyzed in
this study (Table 3).

Discussion

The superior photosynthesis capabilities of cyanobacteria
allow them to convert up to 10 % of the sun’s energy into
biomass, compared to the 1 % converted by conventional
energy crops such as corn or sugarcane, or the 5 % achieved
by algae (Parmar et al. 2011; Jones and Mayfield 2012).
Both cyanobacterial and microalgal systems could contrib-
ute to sustainable bioenergy production. However, different
biotechnical, environmental, and economic challenges have
to be overcome before energy products from these systems
can enter the market (Parmar et al. 2011). One of these
challenges is clearly the development of a suitable method
for the preservation of cyanobacterial strains to prevent the
accumulation of mutations resulting not only in morpholog-
ical but also in undesired biochemical alterations (Borman et
al. 2006). Here, we have developed a new system allowing
rapid quantification of cell viability after preservation. The
parameter used for this purpose in the present study pro-
vides useful information about the metabolic state of single
cells after freezing and rehydration. Thus, even in the ab-
sence of a positive reaction with TTC, the cells were able to
reactivate their metabolism and produce biomass.
Utilization of glycerol as a cryoprotective agent was effi-
cient, as high viability levels were maintained (Phormidium
sp., Nostoc sp., and Stigonema sp.), or the viability was only
slightly decreased (B. octagenarum) during the storage period.
Although this cryoprotectant was not as efficient as DMSO for
the preservation of Synechocystis sp., the viability levels ob-
served in the presence of glycerol were significantly higher.
While the mechanism underlying this response is currently
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Table 3 Presence of contaminants is affected by the preservation methods

Control Lyophilization Cryopreservation (glycerol) Cryopreservation (DMSO)
Brasilonema octagenarum 3.8x10° 5.4x10? 1.3x107 1.1x107
Nostoc sp. 6.7x107 1.8x10° 1.7x108 1.6x108
Phormidium sp. 2.8x10° 8.3x10° 7.8x10° 6.9x10°
Stigonema sp. 2.5%10° 1.3x10° 1.1x107 6.5x10°
Synechocystis sp. 5.2x10° 9.3x10? 1.6x107 1.5x107

Colony-forming units (CFU ml™") were quantified over 4 months under each of the methods. The values shown represent the general average
obtained for each applied method based on the colonies formed in each evaluated month

unclear, it is tempting to speculate that because glycerol is a
constituent of cellular membranes, it can be accumulated and
metabolized and does therefore not induce cytotoxic effects,
as observed previously (Mackay et al. 1984; Hagemann et al.
1997; Marin et al. 2006). In a similar vein, it might act to
protect cells during storage under low temperatures, avoiding
intracellular ice formation as well as possible damage due to
dehydration (Han et al. 2009).

The observation that cryopreservation in the presence of
DMSO was very efficient for Phormidium sp., B. octagena-
rum, Stigonema sp. and, particularly, Synechocystis sp. is
highly intriguing, especially in light of the fact that we were
able to demonstrate rapid biomass recovery in these strains.
Several reports have suggested that characteristics of DMSO
such as its easy diffusion through cellular membranes, cou-
pled with its ability to efficiently interact with phospholi-
pids, resulting in the maintenance of membrane
permeability during freezing (Sojka et al. 1990; Yu and
Quinn 1994; Aye et al. 2010; Castro et al. 2011), would at
least in part explain such results. However, it is important to
mention that although for both Phormidium sp. and B.
octagenarum, the use of DMSO promoted relatively higher
viability levels, these levels were slightly lower than those
measured in the presence of glycerol. Additionally, the low
cell viability observed for Nostoc cf. carneum is highly
suggestive of the occurrence of cytotoxic effects of this
cryoprotective agent (Yu and Quinn 1994; Aye et al. 2010)
under the concentration used (5 %), which might have been
excessive for this particular strain. Intriguingly, even though
a very low percentage of positive reactions were observed,
biomass production was maximal, most likely due to the
presence of hormogones and akinetes.

The total absence of a positive reaction with TTC in
lyophilized cells of B. octagenarum, Phormidium sp.,
and Symechocystis sp. is highly consistent with the re-
duced activity of important metabolic process such as
photosynthesis, respiration, and nitrogen assimilation un-
der these conditions, limiting the availability and activ-
ity of NADH and NADPH dehydrogenases that are
able to reduce TTC to formazan (Beloti et al. 1999;
Mohammadzadeh et al. 2006). It is, however, surprising
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that even in the absence of the formation of purple
crystals, B. octagenarum and Phormidium sp. were able
to somewhat reestablish their metabolism, as observed
by the biomass production (Table 2), which is an indi-
cator parameter that has been used previously (Bezerra
et al. 2006; Silva et al. 2007). Although the survival of
these strains can be mainly associated with the presence
of hormogones (Fig. 1d, h), to elucidate the mechanism
(s) by which this survival is achieved, further experi-
ments will clearly be required.

The intriguing lack of biomass production in lyophilized
cells of Symechocystis sp. could be related to the higher
sensitivity of vegetative cells to vacuum dehydration and
is in keeping with the hypothesis that this process leads to
alterations of membrane permeability and the loss of cell
metabolites (Cordero and Voltolina 1997; Tan 1997).
However, it could also be associated with the absence of
differentiation of hormogones or other cell structures during
the life cycle of this strain (Nakao et al. 2010; Komarek and
Hauer 2011). In good agreement with this hypothesis of a
high sensitivity of vegetative cells to lyophilization, we also
found that only Phormidium sp. exhibited an increase in
biomass in two out of four evaluations. Notwithstanding the
thick layers of exopolysaccharides observed in this strain
coupled with the differentiated hormogones might play an
important role in the survival of a few cells after lyophili-
zation (Hill et al. 1994; Nicolaus et al. 1999). Accordingly, it
has previously been demonstrated that non-heterocystous
organisms are more sensitive to lyophilization (Corbett and
Parker 1976).

One conspicuous feature of the results presented here is
the complete recuperation of lyophilized cells of B. octage-
narum, which is suggestive of inherent characteristics of this
genus. All three strains of this genus are found in subaer-
ophytic habitats, and they are able to colonize eucalyptus
leaves, bromeliads, bark trees and stone surfaces, among
other substrates (Fiore et al. 2007; Aguiar et al. 2008;
Sant'Anna et al. 2011). Thus, it is highly possible that they
are more often subjected to variations in relative humidity or
limited water availability, suggesting that the filaments and
hormogones of B. octagenarum are tolerant to desiccation.
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While the precise nature of these conditions could not be
fully resolved in this study, it remains an exciting topic for
future research.

Only in Stigonema sp. positive reactions of differentiated
structures with TTC were observed after the rehydration of
the samples. The smaller crystal size observed in the interior
of hormocysts indicated that these structures have a relative-
ly low metabolism (Fig. 1n). When taken together, these
data suggest that, by contrast to the situation observed for
hormogones and akinetes, hormocysts are able to retain an
active metabolism, even under conditions of extreme desic-
cation. Additionally, the absence of a positive reaction in
younger vegetative cells indicates a stronger impact of the
dehydration process on this cell type (Cordero and Voltolina
1997; Tan 1997). The longer time interval necessary for
colony formation in these cultures (13 to 20 days; Table 2)
can therefore be explained by the reduced metabolic activity
of hormocysts as well as the low number of viable vegeta-
tive cells.

Not surprisingly, the applied cryopreservation meth-
ods did not alter the initial number of contaminants
throughout the storage period. This shows that these
methods are most likely not only efficient for cyanobac-
teria preservation but also for preserving some of the
heterotrophic bacteria adhered to the exopolysacchar-
ides. Although after lyophilization, the contamination
observed represented less than 1 % of that observed in
both control and cryopreserved samples, it is assumed
that most of the surviving bacteria may exhibit poor
viability due to factors associated either with inadequate
drying (Smith et al. 2001) or, most likely, differences in
the cell wall composition. Taken together, these results
suggest that the contaminants present in these cultures
are composed primarily of Gram-negative bacteria, as it
has been demonstrated (Miyamoto-Shinohara et al.
2000; Nocker et al. 2012) that these strains are more
susceptible to drying than the Gram-positive strains.

In summary, we have presented compelling evidence
that cryopreservation is a valuable tool for cyanobacterial
preservation, providing support for future biotechnology
research as well as allowing safeguarding of genetic
material and facilitating its propagation. However, the
success of this procedure depends on the proper use of
a cryoprotective agent which although essential, can
cause irreversible cell damage that can result in cellular
death. Our data indicated that cryopreservation in the
presence of glycerol (10 %) was generally the method
with the highest efficiency for the tested strains. The
results obtained following cryopreservation in the pres-
ence of DMSO are not only confirmatory regarding its
described efficiency as a cryoprotectant but also demon-
strated that, even at low concentrations, this agent can
have cytotoxic effects. The lyophilization method has

been proven to be suitable for the preservation of het-
erocystous cyanobacteria (order Nostocales) as well as
for preventing contamination, although due to the lower
survival of strains that are unable to differentiate hormo-
gones and/or to synthesize thick layers of exopolysac-
charides, improvement of this method is clearly required.
In conclusion, although there is no ideal cryoprotective
agent that is both able to completely protect cells at low
temperatures and is free of toxicity, the experiments
conducted here allowed us to demonstrate that the cur-
rently employed cryoprotectants enable the preservation
of cyanobacterial strains and that the selection of the
cryoprotectant to be used is highly dependent on the
strain. It will therefore be important to expand this ap-
proach to a greater number of the strains maintained in
cyanobacterial collections.
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