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Abstract. Fo l lowing  g rowth  under  sub-op t ima l  con-  
cen t ra t ions  o f  nutr ients ,  cells o f  ChloreIla emersonii 

accumula ted  l ipid and  became more  res is tant  to the 
d a m a g e  caused  by freezing and  thawing.  These results  
suggest  tha t  the fac tor  respons ib le  for  the cold  ha rden-  
ing o f  some Chlorella spp is no t  the effect o f  low 
t empera tu res  per  se bu t  s imply tha t  o f  the reduced  
me tabo l i c  rate.  Evidence is given tha t  the pos t - t haw  
injury observed  fol lowing r ap id  rates  o f  cool ing  is 
assoc ia ted  with  the vacuole.  

Key words: Chlorella - Cryopre se rva t i on  - F a t t y  
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Fo l l owing  a pe r iod  o f  cold  acc l imat iza t ion  the recovery 
f rom - 196 ~ C o f  ChlorelIa emersonii (Morr i s ,  1976b) 
and C. ellipsoidea ( H a t a n o  et al., 1976a, b) was 
s ignif icant ly  increased.  I t  has  been suggested tha t  the 
increase in the degree o f  unsa tu r a t i on  o f  the m e m b r a n e  
fat ty  acids  induced  by  low t empera tu res  is the fac tor  
respons ib le  for the co ld  ha rden ing  o f  p l a n t  cells 

(Ge r lo f f  et al., 1966; S iminovi tch  et al., 1968), bu t  
p re l imina ry  exper iments  wi th  C. emersonii indicate  tha t  
for  this o rgan i sm it is no t  the effect o f  low t empera tu res  
per  se which are i m p o r t a n t  bu t  s imply tha t  o f  r educed  
g rowth  ra te  (Mor r i s  and  Clarke,  1977). Wi th  a number  
o f  Chlorococca les  it  has  been found  tha t  in the late 
s t a t iona ry  phase  o f  culture,  where g rowth  is res t r ic ted 
by  a n u m b e r  of  physical  and  chemical  factors ,  es- 
pecia l ly  n i t rogen  l imi ta t ion  (Fogg,  1959; Mc L e a n ,  
1968), cells are more  res is tant  to freezing in jury  than  
those  f rom younge r  cul tures  (Morr is ,  1978). In  the 
presen t  s tudy,  the effect on  the cel lular  freezing toler-  

Abbreviations. TLC = Thin layer chromatography; fatty acids are 
noted by two numbers, the first of which give the number of carbon 
atoms and the second the number of double bonds 

ance when a reduct ion  in g rowth  ra te  is induced  by a 
l imi ta t ion  o f  nutr ients  at  20~  is invest igated.  The 
results  ob ta ined  are c o m p a r e d  with a l te ra t ions  in the 
phospho l i p id  fat ty  acid c o m p o s i t i o n  and  the to ta l  l ipid 
content .  

Methods 

Cells. All strains of Chlorella were obtained from the Culture Centre 
of Algae and Protozoa, whose system of numbering and nomencla- 
ture is employed (George, 1976). Chlorella 211/8h was used in the 
majority of experiments; this strain was named C. fusca var. 
vacuolata by Shirira and Krauss (1965). However, as the epithetfitsca 
is invalid for a Chlorella species the oldest valid name emersoniiis now 
used (Fott et al., 1975). Cells were grown in Bolds medium (Bischoff 
and Bold, 1963) at 20~ though in some experiments the con- 
centration of a single nutrient was reduced to 1% of the control value. 
Unless otherwise stated experimental cells were from 14 day old 
cultures and were used without further preparation. 

Freezing and Thawing. Ceils were cooled at different rates to - 196 '~ C 
and the viability upon thawing assayed by colony formation in agar 
(Morris, 1976a). The response of the cells to hypertonic solutions of 
sodium chloride was determined as described previously (Morris et 
al., 1977). In each experiment there were three replicates for each 
treatment. 

Lipid Extraction and Analysis. Lipid was extracted from ceils and 
stored as previously described (Morris et al., 1977). Total phospho- 
lipids (including non-phosphorus containing glycolipids) were isol- 
ated by thin layer chromatography (TLC) on precoated silica gel H 
plates (Merck, 0.25ram, 20x20cm) in petroleum spirit (40 ~  
60 ~ C)/diethyl ether/acetic acid, 80/20/1, v/v, scraped off and eluted 
with methanol/chloroform, 4/I. 

Fatty acid esters were prepared from phospholipids by miId alka- 
line deacylation to avoid production of aldehyde dimethyl acetals 
from plasmalogens (Clarke, 1977). Fatty acid methyl esters were anal- 
ysed by gas chromatography using a Pye GCD fitted with a 25 metre 
glass capillary coated with SP 1000 (column Technology, Newcastle), 
helium carrier gas at 0.6 ml rain- ~, an all-glass inlet splitter set at 18 : 1 
and flame ionisation detector with 12 ml rain a helium make up gas. 
Identification of fatty acid methyl esters was by co-injection with 
standards (where available), semilog plot graphical techniques and 
hydrogenation; identification is therefore not definitive. Fatty acid 
data are expressed as percentage total uncorrected recorder re- 
sponse; peaks being quantified by the peak height• 
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method. In all cases were the column separated structural isomers 
(mainly acids 16:1, 18:1 and 20:1), these were summed to give 
total value. 

Dry weight determinations of  the cells and extracted lipids are as 
described by Kates (1972). 

Results and Discussion 

The response of Chtorella emersonii to the stresses of 
freezing and thawing is partly determined by the 
growth rate before freezing (Table 1). Suboptimal 
concentrations of nitrate, phosphate and calcium in the 
growth medium reduced the cell yield and increased the 
recovery rate upon thawing. When cell growth was 
limited by magnesium there was no observed increase in 
tolerance to freezing injury. In parallel with the in- 
duction of freezing resistance, there was an increase in 
the proportion of cellular lipid as expressed on a dry 
weight basis. TLC of total extracted lipid indicated that 
this was due to an accumulation of polarlipid (Fig. 1). 

The phospholipid fatty acid composition of control 
cells is presented in Table 2. The average number of 
double bonds per fatty acid molecule was 2.22. 
Incubation at 4 ~ C was not found to alter significantly 
the mean molecular weight, though the average number 
of double bonds increased to a value of 2.44 per 
molecule. Following cold acclimatization there were 
alterations to the relative proportions of all fatty acids, 
but the most significant effect was an increase in the val- 
ues of 16 : 4 and 18 : 3 acids. With cells grown under lim- 
iting concentrations of nitrate or from the late station- 
ary phase of culture, the degree of fatty acid unsatura- 
tion increased to mean values of 2.29 and 2.42 double 
bonds per fatty acid molecule. This was again due to in- 
crease in the 16 : 4 and 18:3 fatty acid concentrations. A 
similar increase in the degree of unsaturation of mem- 
brane fatty acids following reduced growth rates has 
been reported for Pseudomonasfluorescens (Gill, 1975). 

Following freezing and thawing of control cells 
(recovery 0.1%) the composition of the phospholipid 
fatty acids was modified, with an increase in the degree 
of saturation to 1.95 double bonds per molecule. A 
release of free fatty acids was also observed following 
freezing and thawing (Fig. 1). These findings are con- 
sistent with the activation of intracellular phospho- 
lipases as has been described following freezing and 
thawing of higher plant cells (Yoshida, 1974; Yoshida 
and Sakai, 1974). 

With cells grown under sub-optimal conditions the 
maximal recovery following freezing to and thawing 
from - 196 ~ C was observed at rates of cooling faster 
than 10 ~ C min-1 (Fig.2). At slower rates the recovery 
approaches that of control cells. A similar relationship 
between cell survival and the rate of cooling has been 
observed for C. emersonii following cold acclimati- 
zation (Morris, 1976b). According to the 'two-factor' 
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Table 1. Effect of  nutrient limitation on the response of Chlorella 
emersonii to rapid cooling (212 ~ C rain- 1) to - 196 ~ C 

Limiting No cells Recovery Dry weight 
nutrient a ml -  i b following lipid 

freezing and ( ~ )  
thawing ( ~ )  

Control 6.4 x 106 <0.1 11.8 
Nitrate 7.2 x l0 s 54.9 58.4 
Phosphate 2.4 x 10 s 34:3 31.2 
Calcium 3.2 x 105 3.7 12.1 
Magnesium 2.6 x 105 < 0.1 9.4 

a Nutritional factors were at a concentration of  1% ofcontrol  values 
b After t4  days at 20~ The initial cell concentration was 6.8 x I03 

ml-1 
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Fig. 1 A- -E ,  Depiction of  TLC of  Chlorella emersonii lipids (150 lag) 
as described in the methods. Lipid extracts were from A control, B 
control frozen to and thawed from - 1 9 6 ~  C nitrate limited 
culture, D senescent culture (35 days at 20 ~ C) or E cold acclimatized 
culture (21 days at 4 ~ C) 
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Fig.2. Recovery (%) of  Chlorella emersonii after cooling at different 
rates to - 1 9 6  ~ C. Cells were from cultures grown in Bolds medium 
for 14 days (�9 or 35 days (e)  or for 14 days in phosphate limited (~1) 
or nitrate limited (A) Bolds medium 
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Table 2. Phospholipid fatty acid composition (% total uncorrected 
recorder response) of C. ernersonii following different treatments 

Acid 

12:o 
13:O 
14:O 
15:O 
16:O 
16: 1 
16:2 
16:3 
16:4 
17:O 
1S:O 
18:l  
18:2 
18:3 
18:4 
19:O 
20:o 
20:l  
20:2 
20:4 
Unknowns 
Mean mol. wt. 
db/mol 

Cells were fromculturesmaintained at 20°C for a) 14days, b) 14days 
then frozen to and thawed from - 196" C, c) 35 days, d) in nitrate 
limited medium for 14 days, and e) at 4" C for 14 days; db/mol = 

mean number of double bonds per molecule of fatty acid; - = not 
detected 

Table 3. Response of 60 strains of Chlorella to freezing and thawing 

Speciesa Recovery following Presence 
freezing of a 
and thawing (%) vacuoleb 

1 1 0 %  >60% 

C emersonii 8 0 + 
C. luteovividis 9 0 + 
C.  kessleri 2 0 + 
C saccharophila 7 0 + 
C. vulgaris f. tertia 3 1 f 
C vulgaris var vulgaris 5 10 T 
C. protothecoides 0 15 - 

" According to Kessler (1976) 
The presence of a large vacuole, visible by light microscopy, was 
taken from Fott and Novakovb (1969) 

theory of freezing injury (reviewed by Mazur et al., 
1972), cells are damaged-at slow rates of cooling by 
alterations in the properties of solutions induced by 
extracellular ice formation, whilst at  rapid cooling 
rates, cells are killed by intracellular ice formation and 
the effects of its subsequent recrystalization during 

warming. The cellular adaptions associated with re- 
duced growth rates thus do not increase the resistance 
to the mechanism(s) of injury occuring at slow cooling 
rates but either reduce the probability of intracellular 
ice formation or render the cell less susceptable to its 
potentially damaging effects. 

With the four species of Chlorella that contain a 
large vacuole the recovery following rapid cooling to 
-196" C was less than 10 % and in most cases below 
0.1 % (Table 3). The presence of a vacuole in C. vulgaris 
is strain specific (Fott and NovBkova, 1969) and some 
strains (11/19) survived freezing and thawing with a 
recovery greater than 60 %. C. protothecoides does not 
have a prominent vacuole and all strains examined (1 5) 
were resistant to freezing injury. From these results it 
appears that the response of Chlorella to the stress of 
rapid cooling is determined by the presence or absence 
of a large vacuole. This is supported by the findings that 
the formation of a vacuole within C. protothecoides 
(Morris et a]., 1977) and plant suspension cultures (Nag 
and Street, 1975) is correlated with a reduction in 
cellular freezing tolerance. During a damaging freeze- 
thaw cycle there is an activation of phospholipases 
(Yoshida, 1974; Yoshida and Sakai, 1974), and the 
localization of these enzymes within plant vacuoles 
(Matile, 1975) indicates that a loss of vacuole integrity 
is a primary effect of freezing injury. The mechanism of 
this injury would be associated with the high pro- 
bability of ice formation in a large aqueous vacuole and 
the effects of its subsequent recrystalization and melt- 
ing during warming. 

Following growth in Bold's medium, cells from 
young cultures of C. emersonii have a large vacuole and 
are sensitive to freezing injury. However, following a 
period of reduced metabolism induced by limitation of 
nutrients or senescence an accumulation of lipid occurs 
and the cells become more freezing tolerant (Table 1). 
In other strains of algae lipid storage induced by nitrate 
limitation (Guerin-Dumartrait et al., 1970; Pyliotis et 
a]., 1975) and senescence (McLean, 1968) reduces the 
size of the vacuole. It is therefore suggested that the 
cryoprotective effects of reduced metabolic rates are 
due to an accumulation of lipid resulting in a reduction 
of vacuole size, rather than specific alterations in the 
degree of unsaturation of the membrane fatty acids. 
This is supported by the fact that there is a direct 
correlation between the cellular lipid content and 
freezing tolerance, whereas no such relationship exists 
between cell survival and fatty acid composition. 
Limitation of nitrate induced the highest degree of 
freezing tolerance and lipid accumulation, with only 
minor alterations in the degree of unsaturation of the 
membrane fatty acids. It is also suggested that the role 
of low temperatures in inducing freezing tolerance in 
Chlorella is an effect of reduced metabolic rate resulting 
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in lipid accumulation rather than an increase in the 
degree of unsaturation of the membrane fatty acids 
induced by low temperatures. Other workers (Singh et 
al., 1975) have also suggested that the factor re- 
sponsible for cold hardening of plant cells is accumu- 
lation of lipids rather than specific alterations in the 
composition of the membrane fatty acids. 
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