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Cryopreservation of Marine Unicellular Algae. 
11. Induction of Freezing Tolerance 
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ABSTRACT: The induction of freezing tolerance in marine unicellular algae was assayed by measurements of algal viability 
following storage in liquid nitrogen. Resistance to freezing was induced and developed in cryo-sensitive algae during growth 
under limiting conditions of low temperature and nutrient deficiency. Algae grown at 4 "C for 4 weeks developed high resistance 
to freezing. Deficiency of nutrients such as nitrate, phosphate and bicarbonate slowed the rate of growth and increased 
significantly the ability of the cell to survive freezing in liquid nitrogen. The observations are interpreted as indicating that 
reduced metabolic growth of active cells causes augmentation or modification of the cell membrane which serves to increase the 
resistance to freezing injury. 

INTRODUCTION 

Our previous study (Ben-Amotz and Gilboa, 1980) 
considered the sensitivity of various unicellular marine 
algae to freezing and storage in liquid nitrogen. Out of 
a dozen species tested, only a few resisted freezing 
relatively better than the others. Freezing tolerance 
was not correlated with culture age, photosynthetic 
activity or chlorophyll-to-cell ratio. The observation of 
a natural freezing tolerance in only a few algae gave 
rise to questions concerning the mechanism of adapta- 
tion to freezing and the biochemical and physiological 
mechanism which permits certain algae to survive 
freezing better than others. A beneficial approach to 
the study of the mechanism of freezing tolerance 
comes from experience gained in higher plants (Yoshi- 
da and Sakai, 1973; Wilson and Crawford, 1974; 
Moore, 1975; Steponokus, 1980). Resistance of higher 
plants to injury from chilling may be derived either 
from an increase of unsaturation of fatty acids in the 
phospholipids of the membranes (Wilson and Craw- 
ford, 1974), from membrane augmentation in the pro- 
cess of freezing adaptation (Singh et al., 1975; Simino- 
vitch, 1979), or from intracellular osmotic adjustment 
in response to cold acclimation (Steponokus, 1980). A 
conclusive decision on the main cause of freezing 
acclimation remains open and warrants further investi- 
gation. 

The purpose of this communication is to describe the 
induction of freezing tolerance in marine unicellular 
algae, its relation to cold acclimation and nutrient 

deficiency, and the possible effect of low metabolic 
activity on the resistance of microphytoplankton to 
freezing. 

MATERIALS AND METHODS 

Growth conditions, cooling, freezing and the metho- 
dology employed were as previously described (Ben- 
Amotz and Gilboa, 1980), with variants indicated in 
the table legends. 

RESULTS 

Effect of Low Temperature and Nutrient Deficiency on 
Growth 

Table 1 illustrates the effect of low temperature and 
nutrient deficiency on the specific growth rate (p d-l) of 
various marine unicellular algae. The algae were 
grown under the specified conditions for 4 weeks and 
growth was monitored by cell counting every 2 to 3 d. 
Clearly, low temperature and nutrient deficiency slow- 
ed growth to a large extent. Growth at  4 "C was severe- 
ly inhibited; however, growth recovered to optimal 
rate when cold-treated cells were grown under optimal 
temperature (not shown). In Table 2, the effect of low 
temperatures and nutrient deficiency on the maximal 
concentration of algae in cells per m1 is illustrated. 
Similar to the response of the specific growth rate to 
suboptimal growth conditions, the maximal concentra- 
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Table 1. Effect of low temperature and nutrient deficiency on the specific growth rate ( j r  d.') of several marine unicellular algae 

Species Growth rate (p d.') 
Control 4 OC 10 OC No No No 

bicarbonate nitrate phosphate 

Chlorella marina 2.0 1.01 1.18 1.33 1.23 1.30 
Chlorella ovalis 1.6 1.02 1.46 1.22 1.33 1.51 
Chlorella salina 2.0 1.01 1.26 1.33 1 30 1.80 
Chlorella spaerckii a 2.7 1.06 1.2 1.27 1.12 1.23 
Chlorella spaerckii b 2.7 1.08 1.08 1.20 1.18 1.36 
Nannochloris atomus 2.5 1.02 1.40 1.25 1.29 1.45 
Nannochloris oculata 2.5 1.06 1.28 1.10 1.15 1.22 
Nannochloris sarniensis 2.2 1.08 1.26 1.25 1.25 1.10 
Nannochloris sp. 2.2 1.08 1.20 1.21 1 .OO 1.24 
Phaeodactylum tricornuturn 2.3 1.16 1.70 1.31 1.41 1.20 
Platymonas suecica 1.7 1.15 1.20 1.14 1.35 1.28 

Algae were grown autotrophically on a sea water medium enriched with 5 mM KNO,, 0.2 mM KH,PO,, 1.5 ,uM FeCl,, 30 pM 
EDTA, 5 mM NaHCO,, 20 mM Tris-C1 pH 7.5, 0.25 mM Na,SiO, and trace metal mix. Under conditions of nutrient deficiency, 
the levels of nitrate, phosphate and bicarbonate were 0.04 mM, 0.02 mM and none, respectively. Algae were grown for 4 
weeks at 20 "C or at the indicated temperatures with shaking. 

Table 2. Effect of low temperature and nutrient deficiency on the maximal algal concentration. Growth conditions as described 
under Table 1 

Species Algal concentration (cells ml-l) 
Control 4 "C 10 "C No No No 

b~carbonate nltrate phosphate 

Chlorella marina 1 . 0 ~ 1 0 ~  1 4 x 1 0 5  3 . 0 ~ 1 0 ~  1.4X106 5.6X105 6 . 0 ~ 1 0 ~  
Chlorella ovalis l . 0x107  9.8x105 1.Ox1O7 9.3x105 1.1 X 106 1 . 5 ~  106 
Chlorella salina 8.0 X 106 8.0 X l o 4  6.3X 106 4.4x 106 6.9x l o 5  5.1 X l o 5  
Chlorella spaerckii a 4 . 0 ~ 1 0 ~  5.4x105 2.7x106 3.3x106 1 . 3 ~ 1 0 ~  9.1X105 
Chlorella spaerckii b 2.0x107 8.Ox1O5 8.2x106 1 . 0 ~ 1 0 ~  2 . 5 ~ 1 0 '  6 . 4 ~ 1 0 ~  
Nannochloris atomus 6 . 0 ~  107 8.3 X 105 1.1 x lo7 1 . 6 ~  106 5 . 6 ~  l o 5  8 . 0 ~  l o 5  
Nannochloris oculata 5 . 0 ~  107 9 . 2 ~  105 4 . 2 ~  106 1.5x106 8 . 5 ~ 1 0 ~  4 . 7 ~ 1 0 "  
Nannochlons sarniensis 3 . 5 ~  107 2 . 9 ~ 1 0 ~  9 . 2 ~  106 2 . 9 ~  106 7 . 7 ~  l o 5  4.4 X 105 
Nannochloris sp. 3.Ox1O7 1,5x106 1 . 2 ~ 1 0 ~  1 . 7 ~ 1 0 ~  4 . 6 ~ 1 0 ~  3.9x105 
Phaeodactylum tncornutum 3 . 0 ~ 1 0 ~  6 . 5 ~  106 2 . 2 ~ 1 0 '  3 . 4 ~  106 1 . 3 ~  106 6 . 3 ~  l o 5  
Platymonas suecica 1 . 0 ~  107 4 . 6 ~  105 1 . 2 ~  107 2 . 2 ~ 1 0 ~  3 . 9 ~  1 0 ~ ~ 7 ~ 1 0 ~  

Table 3. Relation between cold acclimation and freezing resistance in the unicellular algae listed 
- - - - P P 

Species Viability ('/o) 

48 h at 4 "C 48 h at 10 "C 4 weeks at 4 "C 4 weeks at 10 'C 

Chlorella marina 19.0 0 45.2 22.4 
Chlorella ovalis 6.7 0 19.8 10.0 
Chlorella salina 0 39.0 100.0 12.0 
Chlorella spaerclcli a 0 13.1 28.9 3.0 
Chlorella spaerckii b 0 7 5 44.3 7.0 
Nannochloris atomus 0 32.2 60.4 5.0 
Nannochloris oculata 0 32.1 54.3 7.0 
Nannochloris sarniensis 0 0 0 3.0 
Nannochlons sp. 9.1 2.4 20.6 8.0 
Phaeodactylum tricornutum 0 0 0 5.0 
Platymonas suecica 0 1.4 14.9 4.0 

Growth conditions as described under Table 1. Pellets of algae from indicated growth period were frozen directly in liquid 
nitrogen. After storage in liquid nitrogen for 7 d, the algae were thawed at 30 ' C  and assayed for viability. For further details 
see 'Materials and Methods'. 
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Table 4. Effect of nutrient deficiency on algal freezing tolerance 

Species Viability (":,.S) 
Control No b~carbonate No nitrate No phosphate 

Chlorella marina 8 80.5 32 1 50.5 
Chlorella oval~s 3 45.0 31 -0 31.0 
Chlorella salina 5 47.5 30.5 85.0 
Chlorella spaerckii a 4 15.2 0 0 
Chlorella spaerckij b 2 65.9 0 75.4 
Nannochloris atomus 3 0 9.3 44.9 
Nannochloris oculata 3 19.6 25.1 44.3 
Nannochloris sarniensis 2 30.9 0 97.3 
Nannochloris sp. 0 0 0 45.3 
Phaeodactylum tricornutum 0 0 0 0 
Platymonas suecica 0 0 0 0 

Growth conditions and freezing procedure as described under Tables 1 and 3, respectively. Control column refers to growth 
on complete medium at 20 "C. 

tion of cells per m1 was significantly decreased. It is weeks has by far the largest effect on the induction of 
clear that low temperature and nutrient deficiency freezing tolerance. Algae exposed to 4 "C for periods of 
reduce the metabolic activity and impair the ability of 4 and 48 h resisted freezing in liquid nitrogen poorly. 
the algae to grow and multiply at optimal rate. Growth at 10 "C for 48 h and for 4 weeks did not induce 

freezing tolerance in the algae. Clearly, low-tempera- 
ture acclimation induces freezing tolerance in uni- 

Effect of Low Temperature on Viability cellular marine algae. 

In Table 3, the effect of growth at low temperature on 
the freezing resistance of the algae in liquid nitrogen is Effect of Nutrient Deficiency on Viability 
shown. With the exception of Nannochloris sarniensis 
and Phaeodactylum tricornutum, growth at 4 "C for 4 Nitrate, phosphate and bicarbonate are considered 

to be the major macronutrients required for algal 
growth. Table 4 illustrates the effect of nutrient defi- 

Table 5. Combined effect of limiting growth conditions and 
the hYo-step cooling procedure on the recovery of cryopre- ciency on the viability of the algae following freezing 

served algae in liquid nitrogen. Among the nutrients, phosphate 

Species Viability (O/O) 

4 weeks No bicar- 
at 4 "C bonate 

Chlorella marina 45.2 100 0 
Chlorella ovalis 70.0 4 1 .0 
Chlorella salina 100.0 67.6 
Chlorella spaerckii a 53.6 43.0 
Chlorella spaerckii b 48.2 82.2 
Nannochloris atomus 75.4 58.7 
Nannochloris oculata 63.1 68.6 
Nannochloris sarniensis 13.1 40.4 
Nannochloris sp. 22.1 12.9 
Phaeodactylum tricomutum 36.0 33.0 
Platyrnonas suecica 24.2 20.1 

Growth conditions as described under Table 1. Concentra- 
ted algae were incubated with 5 ' / o  DMSO at 20 'C for 15 
min, then transferred into a cooling bath at -30 'C  for 15 
min, and finally fast cooled in liquid nitrogen. After sto- 
rage for 7 d, the algae were thawed at 30 "C and assayed 
for viability. 

deficiency induced freezing tolerance in 9 species, and 
bicarbonate and nitrate in 7 and 4 species, respec- 
tively. It is apparent that nutrient deficiency, like cold 
acclimation, reduces growth rate and induces re- 
sistance to freezing in the algae. 

Relation to Two-Step Technique 

Table 5 illustrates the combined effect of a two-step 
freezing technique and nutrient deficiency on the 
recovery of frozen algae. The cryoprotective agent 
DMSO and the two-step technique increase algal via- 
bility independently of the growth conditions. How- 
ever, induction of freezing resistance in algae by cold 
acclimation and growth under nutrient starvation, 
jointly with the two-step procedure, resulted in higher 
algal viability. The effect of DMSO on partially freez- 
ing-resistant algae is by far the most successful treat- 
ment for algal cryopreservation. 
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DISCUSSION AND CONCLUSIONS 

It was previously shown that the adaptation of higher 
plants to freezing through growth and frost acclimation 
is correlated with augmentation of membranous mate- 
rial in the phospholipids of the plant cell (Singh et al., 
1975) or with an increase of unsaturation of the mem- 
brane lipids (Yoshida and Sakai, 1973). These results 
were interpreted in view of the generally-accepted 
working hypothesis for freezing hardiness (Moore, 
1975) which postulates that it results from augmenta- 
tion of membrane proteins and phospholipids per cell 
basis or from changes of lipid unsaturation and fluidity 
of membrane lipids. 

Our observations on cold acclimation and nutrient 
starvation inducing freezing tolerance in marine algae 
illustrate the complex nature of algal cryopreservation. 
Growth at low temperatures and nutrient deficiency 
were expressed phenomenologically by a marked 
decrease in the specific growth rate and maximal con- 
centration of cells per ml. It might be argued, therefore, 
that unfavorable growth conditions which slow algal 
division rate and reduce metabolic activity are associ- 
ated with freezing acclimation and cellular resistance 
to freezing. At this stage, it is too early to decide 
whether freezing-tolerance induction in algae involves 
changes in lipid unsaturation or membrane augmenta- 
tion. Moreover, algal resistance to extracellular freez- 
ing injury may also be related to cellular dehydration 
and intracellular solute accumulation (Steponokus, 
1980). The data indicate, however, that algae grown 
under unfavorable conditions develop the intrinsic 
chemical and physical properties which endow them 
with tolerance to freezing. Our comparison of different 
species shows a few strains with a better original 

tolerance to freezing than others. These differences 
may be related to natural properties of different mem- 
branes or to different concentrations of various 
intracellular organic solutes produced by the algae. 
The properties of the membranes of marine unicellular 
algae and the nature of the internal solutes remain 
uncertain and warrant detailed investigation. 
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