
Arch Microbiol (1983) 134:23-27 

Archives of 

Hicrnbiology 
~) Springer-Verlag 1983 

Distribution of Plastocyanin and Soluble Plastidic Cytoehrome e 
in Various Classes of Algae 

Gerhard Sandmann ~, Hildegard Reck 1, Erich Kessler 2, and Peter B6ger ~ 

1 Lehrstuhl ftir Physiologic und Biochemie der Pflanzen, UniversitS.t Konstanz, D-7750 Konstanz, Federal Republic of Germany 
2 Institut ftir Botanik and Pharmazeutische Biologic, Universit~it Erlangen, SchloBgarten 4, D-8520 Erlangen, Federal Republic of Germany 

Abstract. Several eukaryotic algae belonging to the main 
taxonomic classes have been cultured autotrophically in 
liquid medium supplemented with or depleted of copper to 
assay their ability to form plastocyanin or exchange it against 
plastidic cytochrome c-553. Most Chlorophyceae are able to 
substitute cytochrome c-533 for plastocyanin with some 
exceptions like Haematocoecus or Dunalielta, which can only 
synthesize plastocyanin. Also within the Chlorella group, 
about half of the 28 strains assayed cannot synthesize 
cytochrome c-553 under copper deficiency. Species of 
Chrysophyceae, Xanthophyceae, and Rhodophyceae, on the 
other hand, cannot synthesize plastocyanin even when a 
comparatively high copper concentration (10gM) is 
available. 

Serological cross-reactions of various plastocyanin- 
containing Chlorella homogenates against an antibody to- 
wards Scenedesmus plastocyanin exhibit a pattern which 
cannot be taxonomically used at the moment. 

Including previous data on blue-green algae, it appears 
that, in the course of evolution, cytochrome c-553 dominates 
in the older species. In the Chlorophyceae, it is mutually 
exchangeable against plastocyanin which becomes the only 
electron donor to P700 in higher plants. 
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In higher plants, plastocyanin functions as redox carrier 
between thylakoid-bound cytochrome f and P700 in photo- 
synthetic electron transport. In some algae, however, plasto- 
cyanin can be replaced by cytochrome c. This means that the 
membrane-bound cytochrome present in all algal thylakoids 
is accompanied in some species by a soluble c-type cyto- 
chrome (Crofts and Wood 1978; Sandmann and B6ger 
1983). Depending on physiological conditions, the replace- 
ment of plastocyanin by cytocbrome c-553 can either be 
permanent or temporary. Consequently, three types of algae 
with respect to their ability to form plastocyanin and/or 
plastidic cytochrome c-553 can be observed (Sandmann and 
B6ger 1981). One type contains plastocyanin only, the other 
cytochrome c only, and a third one can mutually exchange 
plastocyanin and cytochrome c-553 depending on copper 
supply (Bohner and B6ger 1978; Wood 1978). 

In this paper, we report the occurrence of plastocyanin 
and cytochrome c-553 in various groups of algae. The 
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affiliation of the investigated algae to the three types men- 
tioned above can be regarded as an indicator for the 
phylogenetic evolution of the photosynthetic apparatus and is 
of interest for the taxonomy of the genus Chlorella. 

Materials and Methods 

Organisms and Cultivation. Several seawater algae including 
Platymonas subcordiformis (no. 161-1a, G), Ectocarpus sili- 
eulosus (stock Dr. G. Mtiller, Konstanz,  FRG), Phaeo- 
dactytum tricornutum (no. 1090-1b, G), and Skeletonema 
costatum (no. LB 1077/1, C) were grown in an enriched 
seawater medium according to Starr (1978). (The letter at the 
end of the strain is added for information on the origin of the 
culture, it is not part of its designation. G stands for Algae 
Culture Collection, University of G6ttingen, FRG, and C for 
Culture Collection Cambridge, England.) Published proce- 
dures were employed for cultivation of the 28 Chlorella strains 
(Kessler and Czygan 1970; Kessler and Zweier 1971) and for 
the other green and xanthophycean algae (Sandmann and 
B6ger 1981b). The following additional strains were used: 
Haematococcus pluvialis (no. 34-1 a, G), Dunaliella parva 
(stock of Dr. H. Gimmler, Wiirzburg, FRG), Chlamy- 
domonas reinhardii (no. 1 t-32, G), Gonium sociale (no. 32-2a, 
G), Eudorina elegans (no. 24-1c, G), Pandorina morum 
(no. 60-1c, G), Scenedesmus obliquus (formerly S. acutus, 
no. 276-3a, G), Seenedesmus armatus ( formerly S. quadricauda, 
no. 276-4a, G), Pediastrum boryanum (no. 261-2, G), Mono- 
raphidium braunii (formerly Ankistrodesmus braunii, 
no. 202-7c, G), Eremosphaera viridis (no. 228-1, G), Netrium 
digitus (no. 652-1, G), Micrasterias thomasiana (no. 649-4a, 
G), Bumilleriopsis filiformis (from the Konstanz stock), 
Vischeria stellata (no. 887-2, G), Tribonema aequale (no. 880-1, 
G), and Bumilleria sicula (no. 808-1, G). Growth of Porphyri- 
dium aerugineum (no. 1380-2, G), and Cyanidium caldarium 
(no. RK-1 from Dr. J. Fukuda) was carried out as described 
by Hoogenhout and Amesz (1965), and Enami and Fukuda 
(1975), respectively. Porphyridium cruentum (no. 1380-1 a, G) 
was grown in the following medium: KNO3, 10 mM; MgSO4 
xTH20,  2.6mM; MgC12x6H20, 2.8mM; KH2PO4, 

28gM; K2HPO4x3H20,  0.9raM; NaHCO3, 0.5mM; 
CaC12, 0.9 mM; Fe(NO3)3 x 9H20  , 72~.M; EDTA, 72gM; 
NaC1, 0.23 M. Trace elements were given in a 3-fold con- 
centration of the Scenedesmus medium reported by 
Sandmann and B6ger (1981 b). All cultures were grown either 
without copper present or with 1 or 2 lxM CuSO4 added when 
indicated. 
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Determination o f  Redox Proteins. Plastocyanin, soluble 
cytochrome c-553, and bound cytochrome f-553/4 were 
measured by differential spectroscopy after chemical oxi- 
dation and reduction as previously described (Sandmann and 
B6ger 1980a). With extracts of red algae, the procedure was 
modified as reported for blue-green algae (Sandmann and 
B6ger 1980b). Data of Tables 1 and 3 are means of duplicate 
redox-protein determinations from 3 to 5 separate batches. 
Data of Table 2 are means from duplicates of one culture 
batch. Double-diffusion tests with an antibody against plasto- 
cyanin of Scenedesmus obliquus (276-3a) were carried out 
according to B6hme (1978). This assay used homogenates 
containing l0 pmol of plastocyanin from different Chlorella 
strains cultivated in the presence of 1 pM CuSO4. 

Resul ts  

As demonstrated in Table l, all green algae investigated 
herein formed plastocyanin when the nutrient was sup- 
plemented with 1 gM CuS04. Cultures grown with copper did 
not contain soluble cytochrome c-553. Species from the 
orders Volvocales, Chlorococcales, and Desmidiales re- 
sponded to copper depletion by substituting cytochrome 
c-553 for plastocyanin. However, three species of Table 1 did 
not react this way. Haematococcuspluvialis, Dunaliellaparva, 
and Platymonas subcordiformis, a marifie alga belonging to 
the Pyramimonadales, have virtually lost their ability to form 
cytochrome c-553 under copper starvation. They all showed a 
plastocyanin content decreased to about 50 % or less. Much 
lower plastocyanin values were obtained when a copper-free 
medium was inoculated with cells from a previously copper- 
depleted culture, and not using cultures pregrown in the 
presence of Cu 2 + as in the experiments for Table 1. 

A comprehensive study of the genus Chlorella (Chloro- 
coccales), represented by 28 strains belonging to 14 species 
(Kessler 1976, 1978), revealed a mixed pattern (Table2). 
Whereas 13 strains produced cytochrome c-553 instead of 
plastocyanin under copper-deficient conditions~ 15 strains 
were unable to do so. In some instances, even strains of the 
same species exhibited a different reaction towards copper 
deficiency. Noteworthy, all Chlorella strains (except for strain 
211-8g) exhibit a ratio of about I nmol thylakoid-bound 
cytochrome f-553/4 to 1 gmol chlorophyll. This constancy 
apparently is a general rule and has been found previously for 
Scenedesmus or Anabaena variabilis (Bohner and B6ger 1978; 
Sandmann and B6ger 1980b). 

The contents of cytochrome c-553 of various species of 
Chrysophyceae, Xanthophyceae, and Rhodophyceae are 
listed in Table 3. Common to all of them is their inability to 
form plastocyanin even when media are supplemented with 
2 gM CuSO 4. Increasing the copper concentration to 10 laM 
in the media as used for Bumilleriopsis filiformis or 
Porphyridium cruentum did not result in the detection of 
plastocyanin in either species (data not shown). Concentra- 
tions exceeding about 40 JaM were found to be toxic. 

T a b l e  4 demonstrates cross-reactions of homogenates 
from Chlorella strains'grown in the presence of copper. It is 
seen that the antibody against plastocyanin from Scenedes- 
mus exhibits quite a variable reactivity with different 
Chlorella strains. 

Discuss ion  

As can be seen from Tables 1 and 3, eukaryotic algae may 
contain either plastocyanin or cytochrome c-553. The latter 
cannot be replaced physiologically by plastocyanin in chry- 

Table 1 
Formation of plastocyanin and 
cytochrome c-553 in green algae grown 
in coper-deficient or supplemented 
media. Concentrations of redox proteins 
are in nmol/gmol chlorophyll 

Species Growth without copper Growth with 1 pM Cu 2 + 

Plastocyanin Plas t id ic  Plastocyanin Plastidic 
cytochrome cytochrome 
c-533 c-533 

Volvocales 

Haematococeus pluvialis 0.9 - 1.9 
Dunaliella parv a 1. t - 2.1 
Chlamydomonas reinhardii - 2.6 2.2 
Gonium sociale - 2.0 2.3 
Eudorina elegans - 2.2 1.9 
Pandorina morum - 1.6 1.2 

m 

m 

m 

Pyraminonadales 

Platymonas subeordiformis 

Chlorococca!es 
Scenedesmus obliquus 

(formerly acutus) 
Scenedesmus armatus 

(formerly quadricauda) 
Pediastrum boryanum 
Monoraphidium braunii 

(formerly Ankistrodesmus) 
Eremosphaera viridis 

Desmidiales 
Netrium digitus 
Micrasterias thomasiana 

0.9 - 2.9 

2.6 2.3 

2.4 2.0 

1.9 2.4 
2.8 2.2 

2.6 2.0 

1.8 1.6 
2.5 2.3 

m 
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T a b l e  2. Ability of Chlorella strains to form plastocyanin, soluble cytochrome c-553, and thylakoid-bound cyt ochrome f-553/4 in the presence or absence 
of added Cu 2 +. Data are nmol/pmol chlorophyll 

Strains Growth without copper Growth with 1 gM Cu 2 + 

Plastocyanin Plastidic cytochrome Plastocyanin Plastidic cytochrome 

c-533 f-553/4 c-533 f-553/4 

C. sorokm~na 
211-8k 
211-31 
211-40a 
1-9-30 

C. vulgar8 
211-11b 
211-11c 
211-12 
211-19 

C. saccharophi~ 
211-1c 
211-1d 
211-9a 

C. spec. 

211-30 

C. fusca var. vacuolata 

211-8b 
211-8g 
211-15 

C. fusca var. fusca 
343 

C. fusca var. rubescens 
232/1 

C. zofingiens~ 
211-14a 

- 1 . 3  1 . 4  2 . 7  - 1 . 3  

- 2.2 1.4 3.3 - 1.9 
0.3 - 0.7 3.5 - 0.6 
0.4 - 0.9 1.8 - 1.4 

0.5 - 0.8 2.2 -- 0.7 
- 3.6 0.9 2.6 - 1.0 
0.6 - 1.0 2.2 - 1.I 
0.3 - 0.8 2.0 - 0.7 

1.9 0.7 1.8 - 1.4 
2.8 1.6 2.3 - 1.2 
2.9 1.1 1.9 - 1.1 

0.7 - 1.1 4.1 - 1.4 

C. minutissima 
C-1.1.9 0.3 

C. spec. 
211-11r 0.6 

C. homosphaera 
211-8e (Ca.) 

C. kessleri 
211-11g 0.5 
211~11h 0.5 
C-1.1.1 0.3 

C. luteoviridis 
211-2b 0.4 
211-5b 0.5 

C. protothecoides 
211-7a 1.2 
211-10a 0.2 

3.0 0.9 3.1 
1.0 2.4 1.9 
3.2 1.2 2.6 

4.5 1.1 4.8 

1.3 0.9 2.1 

1.0 0.8 1.6 

1.2 

m 

r 

m 

1.6 3.1 

0.9 4.1 

0.8 3.4 

0.8 2.7 
0.8 2.5 
1.6 3.I 

1.5 2.6 
0.8 2.8 

1 . 0  2.2 
0.7 1.5 

1.4 
2.9 
1.1 

1.1 

1.1 

1.1 

1.1 

1.2 

0.9 

0.8 
0.9 
1.1 

1.5 
1.1 

0.8 
0,6 

sophycean,  xan thophycean ,  phaeophycean ,  and  r h o d o p h y c e a n  
algae. This  was r e p o r t e d  previous ly  for  Bumilleriopsis fili- 
formis  ( X a n t h o p h y c e a ;  K u n e r t  and  B6ger  1975). M o s t  likely 
these algae have  no  b iosyn the t i c  p a t h w a y  for  p las tocyan in ,  
since even high coppe r  concen t r a t i ons  do no t  induce  for-  
ma t i on  of  p las tocyanin .  Thus,  we have no t  been  able to  

con f i rm  the presence  of  p l a s tocyan in  in Porphyridium aeru- 
gineum p r o p o s e d  by Visser  et al. (1974) w h o  had  appl ied  the 
epr  t echn ique  which,  in general ,  is equivalent  to  our  m e t h o d  in 
order  to  detect  p l a s tocyan in  (Bohner  et al. 1980). Evident ly ,  
eukaryo t i c  p l a s tocyan in  synthesis  is res t r ic ted  to green algae 
(Tables 1 and  2). 
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Table 3. Presence ofplastocyanin and cytochrome c-553 in various classes 
of Chromophyta and Rhodophyta grown in a medium containing 2 gM 
Cu z +. Data are nmol/~tmol chlorophyll 

Plastocyanin Plastidic 
cytochrome 
c-553 

Chrysophyceae 
Phaeodactylum tricornutum - 1.6 
SkeIetonema costatum - 2.2 

Xanthophyceae 
Bumilleriopsis filiformis - 3.6 
Viseheria stellata - 2.4 
Tribonema aequale - 2.7 
BumiUeria sicula - 2.2 

Phaeophyceae 
Ectocarpus siliculosus - 2.3 
Cutleria multifida - 4.5 ~ 

Rhodophyceae 
Cyanidium caldarium - 2.4 
Porphyridium cruentum - 3.3 
Porphyridium aerugineum - 2.3 
Polysiphonia sp. - 4.6 a 

" These species were collected at their natural marine habitat, the copper 
concentration there was determined as 0.08 gM 

About  two thirds of  all genera of  green algae assayed can 
synthesize both plastocyanin or cytochrome c-553. This 
behavior was studied in detail for Scenedesmus (Bohner and 
B6ger 1978) and Chlamydomonas (Wood 1978), Recently, the 
presence of both redox proteins was reported for Entero- 
morpha prolifera which had been collected from the sea 
(Yoshizaki et al. 1981). One third of the green algae in- 
vestigated resemble higher plants by exclusively forming 
plastocyanin, indicating their inability to counteract copper 
deficiency by cytochrome c-553 formation. Consequently, 
their plastocyanin content is small when the copper supply is 
low, as was demonstrated for oat and spinach (Baszyflski et 
al. 1978), as well as parsley (Sandmann, unpublished). 

Some data on plastocyanin and cytochrome c-553 content 
of blue-green algae cultured in copper-deficient or copper- 
supplemented media are available (Sandmann and B6ger 
1983). In this group, the cytochrome c-553 containing type is 
predominant. However, some of the blue-green algae in- 
vestigated so far, including Anabaena variabilis and 
Plectonema boryanum (Sandmann and B6ger 1980b) are able 
to mutually exchange plastocyanin versus cytochrome c-553. 

Based on the results mentioned, a line of evolution can be 
drawn starting from blue-green algae, with species con- 
taining cytochrome c-553 through green algae that show a 
plastocyanin-cytochrome c-553 exchange, to higher plants 
which form plastocyanin only. This relationship is further 
substantiated by the finding that some species of a group 
examined already show the properties of the next group in this 
progression, indicated by their ability of  forming plasto- 
cyanin or cytochrome c-553. Consequently, the algal group of 
Table 3, which do not produce plastocyanin, should have 
evolved their chloroplast apparatus independently from the 
Cyanophyta-Chlorophyta-Spermatophyta line. The Eugleno- 
pbyceae may be added to this group, since no plastocyanin 
was found in Euglena gracilis either (see Wildner and 
Hauska 1974; Sandmann and B6ger 1983). 

Table 4 
Cross-reactions of 
plastocyanin-containing 
homogenates from Cu 2 +- 
supplemented Chlorella 
strains with an antibody 
against Scenedesmus 
plastocyanin 

Homogenates from Cross- 
reaction 

C. sorokiniana 
211-8k 
211-40a 

C. vulgaris 
211-11b 
211-11c + 
211-19 

C. saccharophila 
211-9a 

C. fusca var. vacuolata 
211-8b + 

C. fusca var. fusca 
343 

C. fusca var. rubescens 
232/1 + 

C. minutissima 
C-1.1.9 

C. homosphaera 
211-8e(Ca.) 

C. kessleri 
C-1.1.1 + 

C. luteoviridis 
2ll-2b 

C. protothecoides 
211-7a + 
211-10a + 

Chlamydomonas mundana described by Wood (1978) to be 
free of plastocyanin in copper-supplemented culture does not 
fit into this scheme. Therefore, it must be regarded as a species 
that lost its regulatory response to copper due to its natural 
sulfide-containing habitat where no soluble Cu 2 + is available. 

In addition, our results are of interest fo r the taxonomy of 
Chlorella. This genus was found to be very heterogeneous 
biochemically (Kessler 1976, 1978) and to comprise at least 
three more or less unrelated groups of species (Kerfin and 
Kessler 1978; Ktimmel and Kessler 1980; Kessler 1982). 
Thus, it is not surprising to see that both types of response to 
copper-deficient growth conditions can be observed within 
this genus (Table2). Fifteen strains produce only plasto- 
cyanin, and 13 strains are able to form cytochrome c-553. 
Usually, different strains of the same species react the same 
way. Within C. sorokiniana and C. vulgaris, however, both 
types appear, and it is interesting to note that especially the 
thermophilic species C. sorokiniana was found to be much 
more heterogeneous than the other Chlorella species (Kessler 
1976). The species of the "C. fusca  group", i.e., the three 
varieties of C. fusca  and C. zofingiensis, are uniformly of the 
cytochrome c-553 forming type. Among these species, 
C. fusca  var. fusca  was shown to belong to the genus 
Scenedesmus (Fort et al. 1975; Hegewald and Schnepf 1979), 
and serological studies indicated that the same may be true 
also for the other taxa (Ktimmel and Kessler 1980; Kessler 
1982). The Scenedesmus strains studied, too, produce cyto- 
chrome c-553 in copper-deficient media (Table 1). Serological 
cross-reactions of plastocyanin-containing extracts f rom 
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some Chlorella strains wi th  an an t ibody  against  p las tocyanin  
f r o m  Scenedesmus can, however ,  no t  be in terpre ted  as results 
of  immedia te  interest  in this connec t ion  (Table 4). 
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