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Abstract: According to biochemical and physiological characters, 77 
strains of Chlorella were assigned to 12 taxa. The characters used are 
presence or absence of hydrogenase, formation of secondary carotenoids 
under nitrogen-deficient conditions, liquefaction of gelatin, products of 
glucose fermentation, ability to reduce nitrate, thiamine requirement, acid 
tolerance, salt tolerance, thermophily, and base composition of DlqA (GC 
content). On the other hand, certain nutritional characters, i. e., utilization 
of organic carbon and nitrogen compounds, were found to be more or less 
strain-specific, highly variable, and therefore unsuitable for taxonomy. 

For over 50 years strains of Chlorella (Chlorophyceae, Chlorococcales) 
have served as model organisms in plant physiological and biochemical 
research. The taxonomy of these very common algae, however, has 
remained in a state of chaos. For lack of conspicuous morphological 
characters, classical taxonomy was unable to define the Chlorella species. 

In the course of time there have been several attempts to apply 
nutritional characters in Chlorella taxonomy. These, however, have 
failed or have led to the description of a multitude of ill-defined taxa. 
For example, SHmllCA & KRAUSS (1965) have created no less than 
30 taxa for 41 strains studied. On the other hand, we have found that  
properties like the utilization of organic nitrogen or carbon sources are 
more or less strain-specific, highly variable, and therefore unsuitable 
for taxonomy in Chlorella (K]~sSLEI¢ & CzrGA~ 1970, KESSLE~ 1972a). 

i Presented at the symposium "Speciation and the Species Concept" 
during the XIIth International Botanical Congress, Leningrad, July 8, 1975. 
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During the past 14 years we were able to show that  a sound taxo- 
nomy for Chlorella can be based on certain biochemical and physio- 
logical characters (KESSLEI~ & SOEI)EI~ 1962, KESSr~E~ et al. 1963, KESS- 
Lm~ 1967a, 1976). In  this work, 77 strains were assigned to 12 taxa. 
FOTT & NOVA[KOVJ~ (1969) have found that  these taxa are also morpho- 
logically different, can be distinguished by  careful microscopy, and 
therefore are in agreement with the classical species concept. 

Ditierential Characters from Biochemistry and Physiology 

The starting point of our work was the observation that  some strains 
of Chlordla contain the hydrogen-activating enzyme h y d r o g e n a s e ,  
whereas others are unable to metabolize molecular hydrogen. This 
result suggested the possibility to use the presence or absence of hydro- 
genase as a biochemical character for the separation of Chlorella species. 
Hydrogenase is a rather remarkable enzyme (KEssLER 1974a). I t  cata- 
lyzes :reactions involving an uptake or a production of hydrogen 
(Table 1). Reactions of this type must have been very important  for 
the early anaerobic organisms on earth. Due to its high sensitivity 
against oxygen, however, the enzyme is usually inactive in present 
aerobic algae. Thus hydrogenase seems to be something like a "living 
fossil" among the enzymes. We therefore regard it as a primitive, 
phylogenetieally significant, and for tha t  reason exceptionally impor- 
tant  taxonomic character. 

Another striking difference between different strains of Chlorella, 
which proved to be valuable for taxonomy, is the p i g m e n t a t i o n  
u n d e r  n i t r o g e n - d e f i c i e n t  c o n d i t i o n s .  Most nitrogen-deficient 
algae become pale, due to a loss of chlorophylls and carotenoids, but 
some assume an intense orange eolour. This is caused by the formation 
of so-called "secondary carotenoids", which are chemically different 
from the normal "pr imary"  carotenoids. 

O t h e r  b i o c h e m i c a l  c h a r a c t e r s  of species-specific and taxo- 
nomical significance in the genus Chlorella are the ability or inability 
to liquefy gelatin (SoEI)E~ 1963), the products of fermentation formed 
from glucose under anaerobic conditions (VI~AYA~;UM~ & KESSLE~ 
1975), the ability or inability to reduce nitrate, and a requirement for 
thiamine (KESSLE~ & ZWEIE~ 1971). 

In  addition to these biochemical characteristics, some p h y s i o l o g i -  
cal  t o l e r a n c e s  are also species-specific and taxonomically significant. 
These are acid tolerance, salt tolerance, and thermophily (KESSLEI¢ 
1965, 1972b, 1974b). I t  was surprising to find that,  for example, the 
strains of one Chlordla species are able to gTow at a p i t  as low as 2.0, 
but the most sensitive species will tolerate only acidities at or above 
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pH 6.0. A similar situation was found with salt tolerance. Whereas 
some species are able to grow in the presence of 4 or 5~o sodium chloride, 
the most sensitive one will not even tolerate 1 ~o NaCI. Most strains of 
Chlorella will grow only at temperatures up to 30 or 32 °C, but the 
members of one taxon are thermophilic and able to grow at 38 to 42 °C. 

Table 1. Reactions catalyzed by the hydrogen-activating 
enzyme hydrogenase 

H2 . "~ 2I-I + + 2e-  

R + H2 > t11-12 
light 

COs + 2 H2 -----> (CIteO) ÷ It20 

02 + 2 H2 ~ 2 H20 

N0 2 ~- 3H2 > NH~ + I-I20 + OH- 

RH2 ----> R ~ tI.~ 

Not unexpectedly, the base  c o m p o s i t i o n  of DNA, i.e., the 
guanine + cytosine content or "GC-content", was found to be the most 
important and most sensitive character for the separation and definition 
of Chlorella taxa (ItnLL~a?CN & KESSLER 1974a). 

t~rouping" of Strains into Species 

According to these results we could clearly separate and define 
12 Chlorella taxa (Table 2). Each taxon is biochemicMly and, according 
to the work of FOTT • •OVAKOYA (1969), also morphologically uniform, 
with very little variation among the different strains. Table 3 shows 
that, for example, the GC content of the DNA of 14 strains of Chl. proto- 
thecoides is between 61.5 and 62.00/o . The acid limit of growth is at 
pH 3.5 to 4.0, and all the strains are able to grow in the presence of 
3 to 4~o NaC1. Table 4 gives the data for three morphologically dif- 
ferent varieties of Chl. /usca. I t  is evident that  there are clear-cut 
differences in the base composition of DNA. Initially, we assigned 
19 strains to Chl. vulgaris (Table 5). The investigation of their DNA, 
however, revealed distinctly different values for two strains. Most likely 
they belong to a different, so far undeseribed species. This is also sup- 
ported by their much smaller salt tolerance. 

The work of FOTT &NovXr:ovX (1969) has shown that, with two 
exceptions, all of our 12 taxa are morphologically different. The two 
exceptions are Chl. vulgaris and Chl. sorokiniana, which was also de- 
signated as Chl. vulgaris/, tertia by FO~T & NovAKov~_ (1969). These  
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Table 3. Base composition of DNA (~o GC), acid limit of growth (pH), and 
salt tolerance (% NaC1) of 14 strains of Chlorella protothecoides 

DNA NaC1 
Strain % GC pH % 

211-7~ 62.0 4.0 4 
211-7b 62.0 3.5 4 
211-7e 62.0 3.5 4 
211-7d 61.5 3.5 4 
211-8d 62.0 3.5 4 
211-10a 62.0 3.5 4 
211-10b 61.5 4.0 4 
211-10o 61.5 4.0 4 
211-10d 61.9 4.0 4 
211-10e 61.5 4.0 4 
211-11a 61.8 4.0 3 
211-11i 61.6 4.0 3 
211-13 61.6 4.0 4 
211-17 61.6 4.0 4 

Table 4. Base composition of DNA, acid limit of growth, and salt toloi'anee 
of three varieties of Chlorella ]usca 

DNA NaCl 
Strain % GC pH % 

var. vacuolata 211-8 a 50.3 3.5 3 
211-8b 50.3 3.5 3 
211-8c 50.3 3.5 3 
211-8e 50.2 3.5 3 
211-8g 50.3 3.5 3 
211-8h 50.3 3.5 3 
211-11m 50.3 3.5 3 
211-11n 50.3 3.5 3 
211-15 50.5 3.5 3 
C-I.I.10 50.3 3.5 3 

var. /~usca 343 55.3 4.0 2 

var. rubescens 232/1 57.8 4.5 3 

t w o  t a x a  s e e m  t o  be  m o r p h o l o g i e M l y  i d e n t i c a l .  But  they  

arc s t r ikingly different in two impor t an t  physiological characters:  Chl. 
sorokiniana, ill contras t  to Chl. vulgaris, contains the enzyme hydro-  

genase and, in addit ion,  is thermophil ic .  Thus Chl. sorolciniana has two 

propert ies  which can be regarded as pr imit ive.  Fur thermore ,  there  is a 
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d is t inc t  difference between the  two t a x a  in the  GC content  of thei r  
D N A  (Table 2). However ,  there  is no doub t  t h a t  Chl. sorokiniana is 
r a the r  closely re la ted  to Chl. vuIgaris. I t  seems reasonable  to  speculate  
t h a t  Chl. vulgaris might  have  evolved from Chl. sorokiniana b y  loss of 
the  "p r imi t i ve"  characters  hydrogenase  and thermophi ly .  Ano the r  step,  
i. e., loss of the  abil i t ies to  reduce n i t r a t e  and  to synthesize th iamine ,  

Table 5. Base composition of DNA, acid limit of growth, and salt tolerance 
of 17 strains of Chlorella vulgaris and 2 related strains 

DNA NaC1 
Strain ~o GC p H  % 

211-1e 62.0 4.0 3 
211-81 62.3 4.0 4 
211-8rn 62.5 4.0 3 
211-11b 62.3 4.0 3 
211-11c 62.0 4.0 3 
211-11f 62.0 4.0 3 
211-11j 62.3 4.0 3 
211-11] 62.5 4.5 3 
211-11p 62.5 4.5 3 
211-11 q 62.5 4.5 4 
211-11s 62.3 4.0 4 
211-11t 62.3 4.0 3 
211-12 61.8 4.0 4 
211-19 63.0 4.0 3 
211-21 62.5 4.0 3 
395 62.3 4.0 4 
396 63.3 4.0 4 

211-11r 57.7 4.5 1 
211-30 57.2 4.5 0 

might  have led from Chl. vulgari8 to  Chl. protothecoides, which is other-  
wise ve ry  s imilar  to Chl. vulgaris, even in the  base composi t ion  of i ts  
DNA.  The three  species discussed can be combined  into an  informal  
" Chl. vulgaris-group". 

A p a r t  from the  obvious re la tedness  of the  three  var ie t ies  of Chl, 
/usca (resp. the  "Chl. /usca-group") and the  members  of the  "Chl. vul- 
garis-group" ment ioned  before, the  remain ing  species demons t r a t e  no 
ev ident  s imilar i t ies  among themselves  or t owards  these groups.  This 
leads to  the  impor t an t ,  basic p rob lem of how to define and to  de l imi ta te  
a species and,  in addi t ion,  a genus of these morphologica l ly  s imple algae. 

Of special in teres t  in this  connexion is Chl. 8orokiniana. This t a x o n  
or iginal ly  seemed to comprise 15 thermophi l ie  s t ra ins  which have  iden- 
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tieM biochemical  and  physiological  propert ies .  The s t u d y  of the  base 
composi t ion  of thei r  DNA,  however,  revea led  the  existence of three  
groups of s t ra ins  wi th  different  GC values (Table 6). The mMn group 
of 10 s trains  has 64.4 to  65.7% GC. I t  should be no ted  t h a t  t hey  are 
f rom widely  different  geographic  locations,  i. e., f rom N o r t h  America ,  
J apan ,  Israel ,  and  Europe .  Two addi t iona l  s t ra ins  are d i s t inc t ly  dif- 

Table 6. Base composition of DNA, upper temperature  limit of growth, 
and geographic origin of Chlorella sorokiniana ( =  Chl. vulgaris/, tertia) and 

related groups of thermophilic strains 

DNA Temp. 
Strain ~o GC limit Origin 

211-8k 64.9 42 ° U.S.A. 
211-11d 64.4 40 ° U.S.A. 
211-11k 65.0 38 ° U.S.A. 
211-32 64.4 42 ° Japan  
211-33 65.0 42 ° Japan  
211~34 65.0 40 ° Japan  
C~I. 1.8 65.0 38 ° Europe 
C-1.6.7 64.4 40 ° Europe 
SLEss 1 64.5 38 ° Israel 
SLESS 2 65.7 38 ° Israel 

211-31 68.8 38 ° Europe 
1-9-30 68.2 42 ° U.S.A. 

211-40 a 78.6 38 o (Zoochlorella) 

21 l- 40 c 78.6 38 ° (Zoochlore]la) 
Prag A 14 77.8 38 ° Europe 

ferent,  wi th  68.2 to 68.8% GC. The final group of three  s t ra ins  is ve ry  
much  different,  hav ing  GC values  of 77.8 to  78.6%. This group includes 
two zoochlorel las i sola ted  f rom the f resh-water  sponge Spongilla. These 
resul ts  raise the  quest ion whether  we can consider the  three  groups of 
s t ra ins  as members  of one species. I n  view of the  ve ry  small  va r i a t ion  
of the  GC values  wi th in  all o ther  t axa ,  this  seems ra the r  unl ikely,  espec- 
iMly for the  th i rd  group which is so much different.  One might  perhaps  
regard  these groups of s trains,  which on ly  differ in the  base composi t ion  
of the i r  DNA,  as a species developing  into several  new taxa .  Otherwise,  
t h e y  migh t  represent  a group of morphologica l ly ,  physiological ly ,  and  
bioehemieMly similar,  bu t  no t  rea l ly  re la ted  t a x a  from thermophi l ic  
euvi ronments .  

Ano the r  in te res t ing  p rob lem is posed by  two s t ra ins  which have  
proper t ies  seemingly  i n t e r m e d i a t e  between those  of Chl. saccharo- 
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phila and Chl. vuIgaris (Table 7). Strains 211-1 a and C-1.3.1 were orig- 
inally assigned to Chl. 8accharophila, mainly because of their charac- 
teristic extreme acid tolerance. The study of their fermentation, how- 
ever, revealed a production of lactic acid as it is typical for Chl. vulgaris. 
The GC content of their DNA is intermediate between those of Chl. 
saccharophila and Cht. vuIgaris. In  addition, SO~DEI~ (1963) has found 
that  211-1a agrees with Chl. vulgaris also in the reaction of its cell wall 
with ruthenium red. Concerning the shape of its cells, it again assumes 
a position intermediate between the ellipsoidal cells of Chl. saccharophila 

Table 7. Comparison of strains 21 i-i a and C-1.3.1 
with Chlorella saccharophila and Chl. vulgaris 

Limit Lactic acid DIqA 
Species at pH fermentation % GC 

Chl. 8accharophila 2.0 - -  50 
211-1a, C-1.3.1 2.0 -~ 57 
Chl. vulgaris 4.0 ~- 62 

and the spherical cells of Chl. vulgaris. I t  is tempting to speculate tha t  
these two strains might be hybrids of Chl. vulgaris and ChI. saccharo. 
phila. This, of course, would have considerable consequences concerning 
the existence of sexuality in Chlorella. On the other hand, these inter- 
mediate strains may  represent remnant  "stepping stones" in the phylo- 
geny from one to the other species. 

Chlorella, a Natural Genus? 

Finally, we have to consider the problem of the nature and reality 
of the genus Chlorella itself. The 12 Chlorella taxa show a remarkable 
diversity of biochemical and physiological properties. This becomes the 
more evident if we compare the situation within the genus Chlorella 
with tha t  of two morphologically better defined genera, i. e., Ankistro- 
desmus and Scenedesmus. In  all strains of these genera we found hydro- 
genase, liquefaction of gelatin, and the ability to synthesize secondary 
earotenoids (KEssLn~ & CZYG~N 1967). On the other hand, there are 
species-specific, but comparatively small, differences in acid tolerance 
and in the base composition of DNA (K~ssLE~ 1967b, H E L L ~ A ~  & 
KESSLEI~ 1974b). This latter character again is the most interesting 
one (Table 8). Within the genus Scenedesmus, we find GC values from 
52 to 62%. For Ankistrodesmus, including Raphidium, 63 to 70% GC 
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are typical.  Wi th in  the genus Chlorella, however, the GC values cover 

the amazingly  wide range from 43 to 79~o. These data  raise the question 
whether we can regard Chlorella as a na tu ra l  genus which combines a 
n u m b e r  of t ru ly  related species. According to our results it might  ra ther  
represent  an assembly of morphologically similar species of polyphylet ic 
origin. Exper iments  on DNA hybr id iza t ion  are now in progress which, 
we hope, will give more informat ion  concerning this problem. 

Table 8. Base composition of DNA and acid limit of growth within the 
genera Uhlorella, Ankistrodesmus, and Scenedesmus 

DNA Limit 
Genus % GC at pH 

Chlorella 43-79 2.0-6.0 
Ankistrodesmus 63-70 3.5-5.5 
Scenedesmus 52-62 3.5-5.5 
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