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ABSTRACT 

Chlorella sorokiniana was grown for 
extraction of fatty acids at seven tem- 
peratures ranging from 14 C to 38 C. The 
predominant fatty acids in C. sorokiniana 
grown at 38 C were saturated (46% of 
total); at 22 C, tritmsaturated (40% of 
total); and at 14 C diunsaturated (47% of 
total). Increasing temperature resulted in 
an increase in the degree of unsaturation 
from 14 C to 22 C, but further increases 
in temperature always resulted in a 
decrease in unsaturation. At any point in 
the temperature range used, an increased 
temperature always resulted in fatty acids 
with a lower average chain length. Total 
fatty acid production was greatest at the 
extremes of temperature and lowest at 
26 C. The chain length and degree of 
saturation of fatty acids increased at tem- 
peratures lower than 22 C. Therefore, the 
fatty acids of C. sorokiniana do not have 
an increasingly lower melting point when 
the culture temperature is reduced at 
temperatures 22 C or below. 

INTRODUCTION 

Environmental temperature is an important 
factor in the life of plants and animals. Several 
authors (1-3) have reported that animals 
respond to a lower environmental temperature 
by the accumulation of an increased percentage 
of unsaturated fatty acids in their body lipid. 
This is true in animals in controlled-diet experi- 
ments (4,5) as well as in those in which lipid 
content of the diet was not reported. The 
phenomenon of lower environmental tempera- 
ture resulting in the presence of a greater per- 
centage of unsaturated fatty acids is also 
apparent in microorganisms such as Anacystis 
niclulans (6), Candida sp. (7) and E. coli (8), 
although sometimes an opposite temperature 
effect is noted (9). Marr and Ingraham (8) 
studied the effect of temperature on fatty acid 
content at eight temperatures ranging from 
.10 C to 43 C, but most authors have chosen to 
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compare data from only two temperatures. The 
value of such data is thus limited by the lack of 
more points for comparison. It is quite possible 
that the results could depend upon the level of 
the two temperatures chosen for study. Lewis 
(3) suggested that an increase in unsaturated 
fatty acids, in response to lower temperatures, 
could act to preserve protoplasmic viscosity in 
colder habitats. To determine whether a lipid 
mixture more resistant to solidification at low 
temperatures is being synthesized, we need to 
examine both the molecular weight of the fatty 
acids as well as the degree of unsaturation and 
not just the percentage of unsaturated fatty 
acids. To meet these requirements, Chlorella 
sorokiniana was chosen as a plant which would 
grow over a wide range of temperature. This 
paper reports the content of fatty acids in C. 
sorokiniana at seven temperatures ranging from 
14 C to 38 C. 

MATERIALS AND METHODS 

Cells of C. sorokiniana (Shihira and Krauss) 
were grown in the dark in large test tubes con- 
taining 400 ml of growth medium which was 
bubbled with 1% CO z in air. The medium was 
composed of 1 g/liter KNO3, 0.5 g/liter 
KH2PO4, 0.5 g/liter K2HPO4, 0.25 g/liter 
M g S O 4 o 7 H 2 0 ,  a nd  the  micronutrients 
described for Chlorella culture by Thomas and 
Krauss (10). Glucose at 0.5% provided the 
carbon source for heterotrophic growth. 
Temperature was controlled by a Forma con- 
trolled temperature bath and did not differ 
more than 0.5 C from the set temperature. C. 
sorokiniana was cultured at increasingly lower 
temperatures until  growth ceased. The lowest 
t e m p e r a t u r e  at w h i c h  consistent and 
measurable growth occured was 14 C. Cells 
were grown at 18 C for extraction by taking an 
inoculum from the 14 C culture, and then 
making three or more transfers at 18 C. An 
inoculum from 18 C, was then used for inocu- 
lation at 22 C, etc. Cells were grown for 
extraction at seven temperatures at four-degree 
intervals from 14C to 38 C. A culture was 
always harvested when its optical density 
reached 0.6 on a Coleman Junior Spectrophoto- 
meter (or a dry wt of 0.8-9.9 g/liter), since pre- 
liminary work showed some variation in fatty 
acid content with age of culture. At harvest, an 
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FIG. 1. Effect of culture temperature on the 
of C. sorokiniana fatty acids. 
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al iquot  of  cells was removed  for dry weight 
de te rmina t ion .  The  remainder  was centrifuged,  
resuspended in methanol ,  t ransferred with a 
p ipet te  to an ex t rac t ion  th imble  and extracted 
overnight  wi th  ch lo roform-methano l  (2: 1) in a 
Soxhle t  apparatus. 

Tota l  lipid was de termined  by evaporat ing 
the solvent,  resuspending the lipid in chloro- 
form,  and filtering the  lipid into a weighted 
beaker  to remove nonl ipid  part iculate  material.  
Af te r  evaporat ion of  the ch loroform,  the  total  
lipid weight was obtained.  The lipid was sapon- 
ified with a 100% excess of  KOH in 80% 
ethanol ,  diluted threefold  with water ,  acidified 
with HC1, and ext rac ted  overnight  wi th  diethyl  
ether  in a l iquid-l iquid ex t rac t ion  apparatus. 
Af te r  evaporat ion of  ether  to dryness, the fa t ty  
acids were methy la ted  by heat ing for  3 min 
with BC13-methanol reagent (Appl ied Science 
L a b s ) .  F a t t y  acid methyl  esters were 
par t i t ioned into hexane,  and the hexane was 

evaporated to dryness under  N 2. The sample 
was redissolved in hexane and transferred to a 
vial, leaving behind the last traces of BC13. 

The  fat ty acid esters were analyzed by a 
Glowall  model  A-110 gas chromatograph.  The 
operat ing condi t ions  were:  (a) column 1.8 m x 
3.4 m m  i.d., 15% HiEf f  1BP on Gas Chrom P, 
(Appl ied Science Labs) 20 psi, and 165 C; (b) 
argon ionizat ion de tec tor ,  900 v, 200 C; and (c) 
flash heater ,  205 C. The fat ty  acids were 
ident i f ied by thin layer chromatography  on 
Silica Gel G, developed with 20% ether  in 
hexane ,  and fol lowed by gas chromatography  
using known fat ty  acids as standards. Quanti ta-  
tive data were obta ined  by measuring peak 
areas using a disc integrator .  

RESULTS A N D  DISCUSSION 

The major fa t ty  acids of  C. sorokiniana were 
ident i f ied as 16:0, 16:1,  16:2, 16:3, 18:0, 

TABLE I 

Effect of Culture Temperature on the Relative Proportions of Various Fatty Acids in C. sorokiniana 

Culture Individual fatty acids as percentage of total fatty acids 
temperature, 

C 16:0 16:1 16:2 16:3 18:0 18:1 18:2 18:3 

14 21.7 3.3 10.8 10.3 0.5 4.7 36.4 11.6 
18 26.1 3.1 7.9 12.8 0.3 4.9 29.5 15.2 
22 29.3 2.4 4.2 16.9 0.3 3.8 19.7 23.3 
26 33.1 2.6 6.0 13.4 1.0 4.0 20.9 18.3 
30 37.5 2.7 6.8 11.5 1.2 4.3 20.1 15.8 
34 39.2 3.4 7.7 9.6 2.6 4.4 21.0 11.8 
38 40.7 4.4 10.2 5.4 5.3 4.7 21.3 7.5 
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FIG. 2. Effect of culture temperature on the 
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18:1, 18:2 and 18:3. Traces of  14:0 and o the r  
un ident i f ied  acids were de tec ted ,  but  t h e y  
made  up less than  1% of  the  tota l  fa t ty  acids 
and were no t  s tudied fur ther .  

Table I indicates  tha t  as the  culture t empera -  
ture increased,  the sa tura ted  fa t ty  acids made  
up an increased percentage  of  the to ta l  fa t ty  
acids. At  the  lower  t empera tu re s  the  percentage  
of  t r iunsa tura ted  acids also increased.  These 
increases were balanced at the  lower t empera -  
tures by a significant decrease in the  p ropo r t i on  
of  d iunsa tura ted  acids. At  t empera tu res  above 
22 C, the  relative p r o p o r t i o n  of  saturates  
increased,  tha t  of  t r iunsa tura tes  decreased and 
that  of  d iunsaturates  remained  relatively con- 
stant.  The p ropo r t i on  of  monounsa tu ra t e s  
remained essentially cons tan t  regardless of  tem- 
perature .  

It can be seen, then ,  tha t  the  p r e d o m i n a n t  
acids at 14 C were d iunsa tu ra ted  (47.2% of  

total) ,  at 22 C were t r iunsa tura ted  (40,2% of  
total)  and at 38 C were sa tura ted  (46.0% of  
total) .  Figure 1 shows how the  degree of  unsat-  
ura t ion  of  Chlore l la  fa t ty  acids changed wi th  
culture t empera tu re .  The degree of  unsatu-  
ra t ion  was greatest  at abou t  22 C. F r o m  this 
po in t  there  was apparen t ly  a linear decrease in 
unsa tura t ion  wi th  ei ther  an increase or decrease 
in t empera tu re .  F r o m  this graph it can be 
unde r s tood  how confus ion  in the  l i terature  
could have arisen on the effect  of  t empe ra tu r e  
on the  degree of  unsa tura t ion  of  fa t ty  acids. If  
14 C and 22 C were the  t empera tu res  selected 
for  s tudy,  it would  appear  tha t  increased tem- 
pera ture  increased the  degree of  unsa tura t ion .  
If 22 C and 30 C were selected,  it would  appear  
that  increased t empera tu re  decreased the degree 
of unsa tura t ion .  Unfo r tuna te ly ,  only  two tem- 
pera tures  have been  selected for  s tudy  in many  
publ ished works  of  this kind.  The conclus ions  

TABLE II 

The Effect of Culture Temperature on the Absolute Concentrations of 
Fatty Acids and Total Lipid in C. sorokiniana 

Per cent dry weight 

Individual fatty acids Culture 
temperature, 

C 16:0 16:1 16:2 16:3 18:0 18:1 18:2 t8:2 

Total 
fatty 
acids 

Total 
lipid 

14 1.26 0.19 0.63 0.60 0.03 0.27 2.11 0.67 
18 1.59 0.19 0.48 0.'78 0.02 0.30 1.80 0.93 
22 0.76 0.06 0.11 0.44 0.01 0.10 0.51 0.61 
26 0.43 0.03 0.08 0.17 0.01 0.05 0.27 0.24 
30 0.75 0.05 0.14 0.23 0.02 0.09 0.40 0.32 
34 1.42 0.12 0.28 0.35 0.09 0.16 0.76 0.42 
38 2.46 0.27 0.62 0.33 0.32 0.29 1.30 0.46 

5.8 10.5 
6.1 10.2 
2.6 9.1 
1.3 10.2 
2.0 10.5 
3.6 10.8 
6.1 11.9 
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t h a t  can be  d rawn  f rom these  s tudies  are thus  
l imi ted .  

It  is a p p a r e n t  f r o m  Table  I t h a t  the  ra t io  of  
16-carbon acids to  18-carbon  acids mus t  also be 
increas ing wi th  increas ing t e m p e r a t u r e .  F igure  2 
shows t h a t  th is  increase  was l inear  up  to  30 C, 
at  wh ich  t e m p e r a t u r e  it began  to  level off.  

A l t h o u g h  data  on  relat ive p r o p o r t i o n s  of  
var ious f a t t y  acids are he lpfu l ,  in o rder  to  get a 
t rue  p ic tu re  of  the  changes  in f a t t y  acid c o m p o -  
s i t ion w i th  changing t e m p e r a t u r e ,  one  mus t  also 
calcula te  the  data  on  a dry  weight  basis to  
o b t a i n  abso lu te  c o n c e n t r a t i o n s  of  f a t t y  acids. 
Table  II shows t ha t  w h e n  one  goes f rom 38 C 
to lower  t e m p e r a t u r e s ,  all f a t t y  acids decrease  
in abso lu te  concen t r a t i ons .  Changes  in relat ive 
p r o p o r t i o n s  of  f a t t y  acids are seen in Table  I, 
because  var ious f a t t y  acid c o n c e n t r a t i o n s  were 
decreas ing at d i f fe ren t  ra tes .  A t  26 C all f a t t y  
acid c o n c e n t r a t i o n s  r eached  the i r  lowes t  po in t ,  
and  f u r t h e r  decreases in  t e m p e r a t u r e  genera l ly  
resul ted  in an  increase  in the  c o n t e n t  of  all 
f a t ty  acids. 

The  t o t a l  f a t t y  acids made  up  f rom 1.3% to 
6.1% of  the  dry weight  of  the  algal cell and  the  
h igher  values were o b t a i n e d  at the  ex t r emes  of  
t e m p e r a t u r e .  The  g r o w t h  ra te  of  C. sorokiniana 
is h ighest  ( abou t  six doub l ings  per  day  u n d e r  
cond i t ions  given) at  38 C and  decl ines  w i th  
lower  t empera tu res .  The  t o t a l  f a t t y  acids made  
up on ly  13% of the  t o t a l  l ipid at 26 C, bu t  were 
50% to 60% of  the  t o t a l  l ipid at  the  ex t r emes  of  
t e m p e r a t u r e .  Since the  to ta l  l ipid was relat ively 
c o n s t a n t  at  a b o u t  10% of  the  dry weight ,  some 
o the r  c o m p o n e n t  of  the  l ipid f r ac t ion  mus t  be 
changing too.  Since ch lo rophy l l  makes  up  a 
large p o r t i o n  of  Chlorella l ipid,  changes  in 
ch lo rophy l l  c o n c e n t r a t i o n  are suspected .  

I t  is clear t h a t  cu l tu re  t e m p e r a t u r e  is an 
i m p o r t a n t  e n v i r o n m e n t a l  f ac to r  a f fec t ing  f a t t y  
acid c o n t e n t  of  Chlorella. The  m a x i m u m  degree 
of  u n s a t u r a t i o n  of  f a t t y  acids was a t t a ined  at 
22 C wi th  less u n s a t u r a t i o n  at  lower  or h igher  
t empe ra tu r e s ,  a l t h o u g h  the  p r o p o r t i o n  of  to t a l  

u n s a t u r a t e d  f a t t y  acids was always increased at 
lower  t e m p e r a t u r e s  (Tab le  I). Chain  l e n g t h  of  
f a t t y  acids always decreased  wi th  increas ing 
t e m p e r a t u r e  wi th in  the  l imi ts  used in this  
s tudy.  F r o m  the  data  p re sen ted  here ,  it appears  
t ha t  f a t t y  acid c o m p o s i t i o n  does change  in a 
way wh ich  would  t end  to  reduce  p ro top l a smic  
viscosi ty  as t e m p e r a t u r e s  are r educed  to  22 C. 
If  t e m p e r a t u r e s  are r educed  be low 22 C, the  
f a t t y  acid c o m p o s i t i o n  changes  in a d i r ec t ion  
which  would  t end  to  increase p ro top l a smic  
viscosi ty.  However ,  t hese  changes in viscosi ty  
could  also be  c o u n t e r b a l a n c e d  by  changes  in 
ch lo rophy l l  c o n t e n t  or  c o n t e n t  of  o the r  lipids. 
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