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Abstract. The genetic relationships of nine strains of 
Chlorella saccharophila were determined by DNA hybridiza- 
tion techniques. Four strains are closely related to the type 
strain 211-9a and one strain seems to be moderately related, 
whereas the taxonomic position of the remaining three 
strains is not clear. C. saccharophila, like C. sorokiniana, is 
another species of Chlorella containing strains which are 
heterogeneous in their overall DNA base sequence and 
partly also in morphological, biochemical and physiological 
characters. 
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are able to reduce nitrate (Kessler 1982). Growth can be 
observed at and above pH 2 .0-3 .0  (Kessler 1965) and at 
salt concentrations up to 4% NaC1 (Kessler 1974). This 
remarkable acid and salt tolerance clearly speparates C. 
saccharophila from most other ChloreIla species. Some het- 
erogeneity, however, has been found in the ability to 
hydrolyse starch (Kessler 1978) and to ferment glucose to 
lactate (Vinayakumar and Kessler 1975) as well as in DNA 
base composition (Hellmann and Kessler 1975). 

The same techniques of DNA hybridization which have 
been employed to C. sorokiniana (Huss et al. 1986) were now 
used to reveal DNA similarities within C. saccharophila. 

Members of the genus ChlorelIa are found in quite different 
biotopes such as fresh and salt water, air and soil, or on the 
bark and in the sap of trees. Some live as endosymbionts in 
certain animals belonging to the Ciliata, Porifera, Cnidaria, 
Plathelminthes and Mollusca (Trench 1979), whereas others 
can serve as the phycobiont in lichens. The biochemical and 
physiological properties of these algae are thus diverse and 
manifold. This has been used for the delimization of 14 
species by Kessler and coworkers (for reviews see Kessler 
1982, 1984). But even within some species, in particular C. 
sorokiniana and C. saccharophila, some diversity in bio- 
chemical and physiological characters has been observed. In 
fact, heterogeneity was confirmed for C. sorokiniana at the 
DNA level (Huss et al. 1986). Further DNA hybridization 
studies should show whether C. saccharophila also is com- 
posed of some groups of not closely related strains. 

C. saecharophila was originally isolated by Krfiger (1894) 
from the sap of wounded Populus alba and described as 
Chlorothecium saccharophilum. Migula (1907), however, 
placed it in the genus Chlorella Beijerinck because no 
obvious differences existed between the descriptions of the 
two genera. The valid name, therefore, has to be Chlorella 
saccharophila (Krfiger) Migula 1907 (Fott and Nov/tkov~ 
1969). Some strains subsequently described as C. ellipsoidea 
proved to be synonymous and have been assigned to C. 
saccharophila (Fott and Novfikovg 1969; Kessler 1967). 

The species is characterized by ellipsoidal cells, a saucer- 
shaped chloroplast and the presence of a pyrenoid. 
Hydrogenase is absent and there is no production of second- 
ary carotenoids (Kessler 1967). Exoproteases as required for 
the liquefaction of gelatin are not produced and all strains 
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Materials and methods 

Strains 

The Chlorella saccharophila strains described by Kessler 
(1974) were examined with the exception of strain C-1.3A 
which is no longer available (Table 1). Two additional strains 
were included in this study, namely strain H H G  which was 
isolated from Heterostegina depressa (Foraminifera; Lee et 
al. 1982) and a phycobiont of the lichen Trapelia coarctata 
which has been described by Tschermak-Woess (1978) as 
C. saccharophila and deposited in the G6ttingen culture 
collection as strain 3.80 (Schl6sser 1982). Several strains 
from other Chlorella species were used for reference. 

Culture conditions and DNA preparations 

Culture conditions and extraction, purification, and 
labelling of DNA have been described previously (Huss et 
al. 1986). 

DNA base composition and DNA hybridization 

Melting points of DNA preparations were determined in 
0.1 xSSC or l x S S C  (1 xSSC = 0.15 M NaC1 + 0.015 M 
trisodium citrate, pH 7.0) depending on the guanine + 
cytosine (G + C) content, at 260 nm in a Gilford 2600 
spectrophotometer equipped with a thermoprogrammer. 
The equations of Owen et al. (1969) and DeLey (1970) were 
used for calculation of G + C contents from TM-values in 
0.1 x SSC and 1 x SSC, respectively. DNA/DNA hybridiza- 
tions were carried outas described by Huss et al. (1986) with 
some modifications. The incubation temperature of filter 
bound DNA with labelled DNA fragments was lowered to 
45 ~ C with a simultaneous increase of the formamide content 
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Table 1. The strains studied and their DNA base compositions 

Species Strain Origin a G + C  
content 
(tool%) b 

Chlorella saccharophila 
(Krfiger) Migula 

211-1f Cambridge 48.7 
211-9b G6ttingen 49.4 
211- I b G6ttingen 50.6 
211-1d G6ttingen 51.2 
211-1c G6ttingen 51.3 
HHG c Lee 51.4 
211-9a T G6ttingen 52.0 
3.80 a G6ttingen 55.8 
211-1a G6ttingen 55.9 

C. minutissima Fott 
and Novfikovfi C-1.1.9 Bethesda 46.3 

C. zofingiensis D6nz 21 t-14a T G6ttingen 49.7 

C. spec. ~ 211-18 G6ttingen 51.3 

C. fusca var. vacuolata 
Shihira and Krauss 211-8b T G6ttingen 51.6 

C. kessleri Fott 
and Novfikov/t 211-11g T G6ttingen 55.1 

C. spec. (= C. lobophora?) e 211-30 G6ttingen 55.4 

C. vulgaris Beijerinck 211-11 b T G6ttingen 61.2 

C. sorokiniana Shihira 
and Krauss 211-8k T G6ttingen 63.1 

G6ttingen, Algensammlung des Pflanzenphysiologischen Instituts 
der Universit/it G6ttingen, FRG; Cambridge, Culture Centre of 
Algae and Protozoa, Cambridge, UK; Lee, J.J. Lee, City College, 
New York, USA; Bethesda, culture collection at Bethesda, 
Maryland, USA 
b Escherichia coli B (52.0 tool% G + C; Gillis et al. 1970) was used 
as reference 
c Symbiont of Heterostegina depressa 
d Phycobiont from Trapelia coarctata 
e This strain is listed in the G6ttingen collection as C. sorokiniana, 
but has been excluded from this species by Huss et al. (1986) 
f This strain is listed in the G6ttingen collection as C. vulgaris, but 
has been excluded from this species by Kerfin and Kressler (1978) 
and tentatively assigned to C. lobophora Andreyeva (1973, 1975) 
x Type strain 

to restore optimal renaturation conditions (25 ~ C below TM). 
The incubation time was extended to 90 h. 

DNA renaturation rates were determined according to 
Huss et al. (1983) in solutions containing 50 lag/ml DNA in 
2 x SSC/30% DMSO (dimethylsulfoxide), and the degree of 
binding (%D) between heterologous DNAs was calculated 
using equation (20) of DeLey et al. (1970). 

Results and discussion 

The strains of Chlorella saccharophila can be divided into 
three groups according to the G + C content of their DNAs, 
which is about 49 tool% for strains 211-1f and 211-9b, and 
about 56 tool% for strains 3.80 and 211-1a, while the rest 
including the type strain 211-9a is characterized by base 
compositions of  51 - 5 2  tool% G + C (Table 1). The separa- 
tion into different groups is confirmed by DNA/DNA hy- 
bridization studies (Tables 2 and 3). Strains 211-1b, 211-1c, 
211-1d as well as strain HI tG ,  an endosymbiont of 
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Fig. 1. Average linkage dendrogram of Chlorella saccharophila 
based on DNA/DNA hybridization studies (see Tables 2 and 3) 

Heterostegina depressa which has been identified as C. 
saccharophila by Lee et al. (1982), are closely related to the 
type strain 211-9a as indicated by DNA homologies of about 
90 -100%.  Biochemical and physiological properties with 
taxonomic significance are nearly identical, with the excep- 
tion of strain 211-1c which is unable to hydrolyse starch 
(Kessler 1978). Strains 211-1f and 211-9b with a somewhat 
lower G + C content show only a moderate or no significant 
relationship to this group, with DNA homologies of  17% 
and 6%, respectively, when determined with the membrane 
filter method (Table 3) which has a better resolution in the 
range of low DNA homologies (Huss et al. 1983, 1986). 
Acid and salt tolerance of strain 211-9b are less extreme as 
compared with the type strain (Kessler 1965, 1974). Strain 
211-1a, in addition to its base composition, is different from 
C. saccharophila in several respects. It has a cell wall 
composition different from that of strain 211-1b (Takeda 
and Hirokawa 1984), it is able to ferment glucose to lactate 
in contrast to all other strains of  this species (Vinayakumar 
and Kessler 1975), and it has recently been shown to be 
extremely sensitive against cadmium (Kessler 1985, 1986). 
There is in fact no significant DNA homology with other 
strains of C. saccharophila with the exception of a moderate 
relationship (20%D) with strain 3.80 which was isolated 
from the lichen Trapelia coarctata (Table 3). Both strains are 
similar with respect to their cell morphology and a positive 
reaction of their cell walls to ruthenium red staining 
(Tschermak-Woess 1978). The postulated intermediate posi- 
tion of strain 211-1a between C. saccharophila and C. 
vulgaris (Kessler 1982), however, could not be confirmed by 
this study (Table 3). DNA hybridizations of members of C. 
saccharophila with several strains of  other Chlorella species 
with similar base compositions revealed no significant 
homologies. 



Table 2. DNA/DNAhybridization of Chlorellasaccharophilausing the renaturation rate method 

Strain Degree of binding (%D) with: 

211-1b 211-1c 211-1d 211-1a 211-1f 211-9b 3.80 HHG 

211-9a x 107 90 93 40 43 34 41 93 
211-1b 93 101 41 38 35 - - 
211-1c 102 41 41 30 - 95 
211-1d 40 45 37 - -- 
211-1a 41 36 42 - 
211-1f 41 - - 
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- = not determined 

Table 3. DNA/DNA hybridization studies of Chlorella saccharophila, C. zofingiensis 211-14a T, C. fusca var. vacuotata 211-8b r, C. kessleri 
211-1tg T, C. vulgaris 211-11b T, C. sorokiniana 211-8k r, C. spec. 211-18, C. spee. 211-30, and C. minutissima C-1.1.9, in 3 x SSC/formamide 
at 45~ under optimal conditions [TM-25 ~ C, related to the melting temperature of the (3H)-labelled strain] 

Source of D value (%D) with (3H)-labelled DNA from 
filter-bound DNA 

211-9a T 211-1b 211-1d 211-1 f 211-1a 3.80 211-9b 

211-9a T 100 91 88 18 9 6 5 
211-1b 101 100 98 15 10 - 6 
211-1d 93 93 100 22 9 - 6 
211-1f 13 16 15 100 7 8 4 
211-1a 5 5 4 3 100 14 3 
3.80 9 -- - 5 26 100 7 
211-9b 5 6 6 7 7 4 100 

211-14a T 3 - - 4 - - 3 
211-8b T 6 - - 4 - - 4 
211-11g T 4 - - - 16 9 - 
211-11b r 3 6 6 5 9 12 5 
211-8k x 3 . . . . . .  

- - - 5 4 - 2 1 1 - 1 8  

211-30 3 - - - 11 13 - 
C-1.1.9 2 - - 8 - - 6 

- = not determined 

The D N A  heterogeneity of C. saccharophila strains is 
illustrated by an average linkage dendrogram shown in 
Fig. 1. In this dendrogram, only relevant homology values 
(%D > 45) were used for calculation when determined by 
the renaturat ion rate method (Huss et al. 1983, 1986). Data 
concerning the relationships between the other Chlorella 
species shown in Fig. I are not given. 

The nine strains of C. saccharophila investigated separate 
into five branches. A similar diversity has been found within 
C. sorokiniana (Huss et al. 1986), whereas other Chlorella 
species containing strains with biochemically and 
physiologically more uniform characters proved to be homo- 
geneous also at the D N A  level (results to be published). The 
problems concerning the interpretation of D N A  hybridiza- 
tion data based on whole cell D N A  without separation 
of chloroplast DNA,  mitochondrial  DNA,  and repetitive 
sequences have been discussed (Huss et al. 1986). 

The D N A  hybridization methods employed have been 
slightly modified as compared with the former study. For  
the optical determination of D N A  reassociation we used 
DNA solutions containing 30% dimethylsulfoxide (DMSO) 
instead of 1 M tetraethyl ammonium chloride (TEAC1) to 
lower the D N A  melting point  and enhance renaturat ion 
rates (Escara and Hut ton  1980). The acceleration of re- 
naturat ion rates by 30% DMSO is slightly lower than by 

I M TEAC1, but  DMSO is much easier to handle and the 
D N A  solutions are less viscous. 

Concerning the membrane  filter method we observed 
substantial leaching of D N A  from some filters during in- 
cubat ion at 60 ~ C. We therefore lowered the incubat ion tem- 
perature to 45~ and increased the formamide concentra- 
t ion to restore optimal renaturat ion conditions (25 ~ C below 
TM). The resulting deceleration of D N A  reassociation due 
to the increased viscosity of the solution (Wetmur and 
Davidson 1968) was compensated for by an extended in- 
cubat ion time of 90 h. Within  this time, D N A  reassociation 
reached a saturation level. The modifications mentioned 
above have no significant influence on D N A  homology val- 
ues. 

A combinat ion of both D N A  hybridization methods 
allows a rapid determination of close phylogenetic re- 
lationships in simple eukaryotes like Chlorella. The 
phylogenetic position of those strains which could not  be 
clarified by D N A / D N A  hybridization has to be solved by 
comparison of more conservative macromolecules like ribo- 

somal RNA. 
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Note added in proof 
Recent experiments have shown that strain 3.80, which appears to 
be moderately related to strain 211-1a (Fig. 1), also exhibits about 
the same very high sensitivity towards cadmium (cf. Kessler 1985, 
1986). 


