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Abstract. Light plays a major role in many physiological processes in cyanobacteria. In 
Calothrix sp. PCC 7601, these include the biosynthesis of the components of the light-harvest- 
ing antenna (phycobilisomes) and the differentiation of the vegetative trichomes into hor- 
mogonia (short chains of smaller cells). In order to study the molecular basis for the photore- 
gulation of gene expression, physiological studies have been coupled with the characterization 
of genes involved either in the formation of phycobilisomes or in the synthesis of gas vesicles, 
which are only present at the hormogonial stage. 

In each system, a number of genes have been isolated and sequenced. This demonstrated 
the existence of multigene families, as well as of gene products which have not yet been 
identified biochemically. Further studies have also established the occurrence of both tran- 
scriptional and post-transcriptional regulation. The transcription of genes encoding com- 
ponents of the phycobilisome rods is light-wavelength dependent, while translation of the 
phycocyanin genes may require the synthesis of another gene product irrespective of the light 
regime. In this report, we propose two hypothetical models which might be part of the complex 
regulatory mechanisms involved in the formation of functional phycobilisomes. On the other 
hand, transcription of genes involved in the gas vesicles formation (gyp genes) is turned on 
during hormogonia differentiation, while that of phycobiliprotein genes is simultaneously 
turned off. In addition, an antisense RNA which might modulate the translation of the gyp 
mRNAs is synthezised. 

Abbreviations: AP - allophycocyanin, APB - allophycocyanin B, bp - base pair, GVP - gas 
vesicle protein, kb - kilobase, kDa - kilodalton, L - linker polypeptide, PC - phycocyanin, 
PCC - Pasteur Culture Collection, PE - phycoerythrin, UTEX - University of Texas algal 
collection 
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I. Introduction 

In cyanobacteria, like in higher plants, light is not only used to perform 
photosynthesis but also to trigger and modulate various developmental and 
regulatory processes (Stanier and Cohen-Bazire 1977). The best known 
examples of photoregulation in cyanobacteria are those which affect pig- 
ment content and cell differentiation. No photoreceptor involved in such 
processes has yet been isolated ~n these prokaryotic organisms, although 
physiological evidence strongly suggests that such molecules exist to mediate 
responses to light (for reviews, see Tandeau de Marsac 1983 and Grossman 
et al. 1986). The purpose of this review is to present our recent progress in 
this research area. No attempt has been made to extensively cover the 
literature but we have chosen to discuss the molecular aspects since most of 
the physiological and biochemical studies performed in this field have often 
been reviewed during the last decade. When appropriate, the reader will be 
directed to specialized recent reviews in which more detailed information 
and original references are available. 

In contrast to higher plants, cyanobacteria contain chlorophyll a but not 
chlorophyll b, and, like in rhodophyta, phycobiliproteins constitute the 
major light-harvesting antenna. These chromoproteins are organized into 
multimolecular structures called phycobillisomes which, although function- 
ally analogous to the light-harvesting chlorophyll-protein complexes of 
higher plants, are attached to instead of being embedded in the photosyn- 
thetic membranes. Phycobilisomes are composed of two domains: the cen- 
tral core proximal to the photosynthetic membrane, and six rods which 
radiate from the core. This generally results in a hemidiscoidal structure. In 
addition, linker polypeptides, which are specifically associated with each 
phycobiliprotein complex of the phycobilisome, maintain its physical integ- 
rity and slightly modify the intrinsic spectral characteristics of the con- 
stituent phycobiliproteins, resulting in an optimization of the energy 
transfer to the terminal acceptor(s) of the phycobilisome. This structure is 
thus particularly well adapted to the trapping and funnelling of the photon 
energy to the photosystem II reaction centers (for reviews on phycobilipro- 
teins and phycobilisomes, see for example, Glazer 1984 and 1985). 

It is known that in general, in photosynthetic organisms, antenna size is 
inversely proportional to the light intensity received by the cultures during 
growth. Similarly, cyanobacteria respond to light intensity by increasing 
(under low light intensity) or decreasing (under high light intensity) their 
chlorophyll a and phycobiliprotein content, but the mechanisms by which 
light regulates these processes remain unknown. In contrast, the 
phenomenon of complementary chromatic adaptation, in which the syn- 
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thesis of some components of the phycobilisome rods can be regulated by 
the incident light wavelength, has been more extensively studied and is 
undoubtedly governed by at least one photoreversible pigment. This 
photoreceptor presents some analogy with the phytochrome of higher 
plants, although the most efficient wavelengths for its interconversion are 
different (green versus red radiation, instead of red versus far-red radiation 
for phytochrome; for a review on complementary chromatic adaptation, see 
Tandeau de Marsac 1983). 

In some filamentous cyanobacterial strains, light also controls differentia- 
tion processes such as hormogonia differentiation. This process, which is 
part of a developmental cycle, is a prerequisite for the dispersal of these 
species in their natural habitats. Indeed, in contrast to vegetative trichomes 
from which they differentiate, hormogonia are more resistgnt to environ- 
mental stresses; they are also motile, the motility being correlated with the 
appearance of pill at their cell surface (G. Guglielmi unpublished data) and 
they are filled with gas vesicles which provide them with buoyancy (Walsby 
1981). Interestingly, this differentiation process has been shown to depend 
upon several environmental factors, among which are red radiations (Arm- 
strong et al. 1983, Tandeau de Marsac 1983, Rippka and Herdman 1985). 
Whether such a phenomenon is controlled by the same photoreceptor as the 
one involved in complementary chromatic adaptation is an open question. 

With the aim of understanding the molecular basis of these physiological 
adaptations to the environment, and to determine if one or several 
photoreceptors are involved in these regulatory processes, we have under- 
taken the characterization of the structure, organization, and expression of 
the genes encoding phycobilisome components, as well as those involved in 
hormogonia differentiation in Calothrix 7601 (also called Fremyella diplosi- 
phon UTEX 481)*. This filamentous cyanobacterium belongs to chromatic 
adapters of group III (Tandeau de Marsac 1983). 

2. The phycobilisome components: phycobiliproteins and linker polypeptides 

2.1 Features emerging from biochemical and physiological data 

Biochemical and physiological studies have shown that phycobiliproteins 
are stable chromoproteins, which can represent up to 50% of the total cell 
protein content and are organized in phycobilisomes. In response to changes 

*Cyanobaeterial strains are designated throughout this review by their genus name followed 
by their number in the Pasteur Culture Collection when available (for example, Calothrix 
7601 = Calothrix sp. PCC 7601). 
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of the incident light, the number of phycobilisomes per cell, as well as the 
molecular composition and the size of the rods of the phycobilisomes, may 
vary (Raps et al. 1985; for reviews, see Cohen-Bazire and Bryant 1982, 
Glazer 1982, Tandeau de Marsac 1983). 

Analysis of Calothrix 7601 phycobilisomes, purified from fully red- or 
green-light-adapted cells, has allowed a rather precise determination of their 
structure and composition under these two different light regimes. The core 
of both red- and green-light phycobilisomes seems invariant and is 
composed of at least five chromophoric polypeptides and one non-chromo- 
phoric linker polypeptide: the allophycocyanin subunits (~AP and flAP), 
allophycocyanin B (~APB), the 18.3 kDa polypeptide (fl18.3), the 92kDa 
anchor polypeptide (L 92) and the AP-associated linker (L~8). By analogy 
with Synechocystis 6701 phycobilisomes (Gingrich et al. 1983, Glazer and 
Clark 1986), it is thought that these polypeptides are organized into 12 
trimers within the core of Calothrix 7601, the total number of molecules 
being 32, 34, 2, 2, 2, 6 for ~AP, flAP, ~tAPB, fl18.3 L 92 and L~ 8, respectively. 
In contrast to the core, the rods of red- and green-light phycobilisomes of 
Calothrix 7601 differ in composition (Tandeau de Marsac 1983, G. Gugli- 
elmi unpublished data). Rods of red-light phycobilisomes are composed of 
at least four chromophoric polypeptides: the phycocyanin- 1 subunits (~PC 1 
and fl PC1) and the phycocyanin-2 subunits (~tPC2 andflPC2), the absorp- 
tion maxima of which are situated at approximately 620 nm. These polypep- 
tides are organized into hexamers (~fl)6. In addition, there are three PC- 
associated rod linker polypeptides (L3R 8, L 39 and L~(7) and one PC-associated 
core-rod linker polypeptide (L3°). In rods of green-light phycobilisomes, the 
basal disc is a PC hexamer-L~ ° complex like in red-light phycobilisome rods, 
while the more distal discs are PE hexamers whose absorption maxima are 
situated at approximately 565 nm. Two specific rod linker polypeptides (L~ 
and L 36) are associated with these hexamers of PE. A schematic representa- 
tion of red- and green-light phycobilisomes from Calothrix 7601 is presented 
in Fig. 1. 

No precise analysis has been performed on the composition of phy- 
cobilisomes from Calothrix 7601 cells grown under different light intensities. 
However, from information obtained with other cyanobacteria (Yamanaka 
and Glazer 1981, Raps et al. 1985), we anticipate that the number of 
phycobilisomes will be greater, and/or the size of their rods longer, in cells 
grown under low light intensity than in cells grown under high light inten- 
sity. In addition, a change in the PC/PE ratio could occur, if the level of 
synthesis of these two phycobiliproteins is not modified to the same extent 
in response to a given light intensity. A specific degradation of phy- 
cobilisome components, mainly PC, has been shown to occur in several 
Anabaena species (Foulds and Carr 1977, Wood and Haselkorn 1980), in 
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Fig. 1. Schematic representation of the Calothrix 7601 phycobilisomes purified from cells 
grown under red- or green-light conditions. For phycobiliproteins, the abbreviations API, 
PC1, PC2 and PE refer to the ~t and ~ subunits of allophycocyanin-1, phycocyanin-1, 
phycocyanin-2 and phycoerythrin, respectively, ctAPB and fl 18.3 denote the or-type allophyco- 
cyanin B and the B-type phycobiliprotein of MM 18.3 kDa, respectively. Linker polypeptides 
are abbreviated, with a superscript denoting their apparent molecular mass in kDa and a 
subscript that specifies their location in the phycobilisome: R, rod substructure; RC, rod-core 
junction; C, core. The anchor polypeptide (MM 92 kDa) is denoted L~,  with CM for 
core-membrane junction. The size of a disk (6 x 12 nm) corresponds to an hexamer (~tfl) 6 of 
PC or PE in the rod. The location of the linker polypeptides within the rods has not yet been 
precisely established. 

Synechococcus 6301 (Lau et al. 1977, Yamanaka  and Glazer  1980), Synecho- 
coccus 7002 (Stevens et al. 1981) and Synechocystis 6803 (Elmorjani and 
Herdman  1987) in response to nitrogen starvation. In contrast ,  adapta t ion  
o f  cyanobacterial  cells to changes in light wavelength, and most  probably  in 
light intensity, does not  result in the induction of  specific degradative 
processes (Bennett  and Bogorad 1973). This suggests that  most  of  the events 
which lead to changes in the phycobil isome content  o f  the cells, or  in their 
composi t ion,  are very likely to result f rom precise transcriptional (and/or  
translational) controls  of  the expression o f  the genes encoding phy- 
cobilisome components .  

2.2 Functional organization of  the genes involved in the formation of  
phycobilisomes 

2.2.1 Gene isolation and characterization 
Comparisons  o f  partial  or  complete amino acid sequences o f  phycobil ipro- 
teins have shown that  individual subunits are highly conserved among 
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different cyanobacterial species (about 80% identity) and that each phy- 
cobiliprotein subunit shares homology with all the others, especially in the 
region of the conserved chromophore attachment site (Cohen-Bazire and 
Bryant 1982, Fiiglistaller et al. 1983, Glazer 1984). Consequently, our 
strategy for cloning the different phycobiliprotein genes from Calothrix 7601 
was mostly based on the use of heterologous DNA probes which include the 
region coding for the chromophore attachment site. However, when the 
amino acid sequence was known, we also used synthetic oligonucleotide 
probes. Hybridization analyses of restriction enzyme digests were performed 
by using an apcAB probe (~AP and flAP) from Synechococcus 6301 
(Houmard et al. 1986), cpcA (~PC) and cpcB (flPC) probes from Synecho- 
coccus 7002 (De Lorimier et al. 1984), as well as synthetic oligonucleotides 
(17 nucleotides long) designed from a portion of the amino acid sequence of 
the Calothrix 7601 ~PE subunit (Sidler et al. 1986). Seven Calothrix 7601 
EcoRI fragments of 9.5, 7.0, 6.5, 6.3, 4.5, 3.7 and 3.5 kb, cloned either from 
a ). EMBL3 genomic library or from partial libraries constructed in E. coli 
plasmid vectors, were totally or partially sequenced (for references, see 
below). The predicted amino acid sequence of each open reading frame has 
been compared with the sequences previously determined for proteins 
purified from Calothrix 7601 or from other cyanobacteria. Their transcrip- 
tion has been examined by hybridization experiments of total RNA extrac- 
ted from Calothrix 7601 cells grown under green- or red-light conditions. 
Most of these open reading frames have thus been identified. As shown in 
Fig. 2, each of the cloned EcoRI fragments carries one or two genes 
encoding phycobiliprotein subunits and, for three of them, genes encoding 
linker polypeptides have been found. Some additional open reading frames, 
which do not correspond to any known phycobilisome components, were 
found to be involved in the formation of functional phycobilisome rods. 

Phycobiliprotein genes. As expected from hybridization experiments, the 
7.0 kb EcoRI fragment carries two genes, cpeB (552 bp) and cpeA (492 bp), 
which encode flPE and ~PE, respectively (Mazel et al. 1986). These two 
genes are 79 nucleotides apart. It is surprising that, although only two 
different PCs (the 'constitutive' PC 1 and 'inducible' PC2) have been charac- 
terized biochemically, three EcoRI fragments were found to harbor com- 
plete sets of PC genes. The first PC gene cluster, cpcB1 (516 bp) and cpcA1 
(486bp), is carried by the 4.5 kb EcoRI fragment and encodes flPC1 and 
~PC1, respectively (Conley et al. 1986, Mazel et al. 1988). The second PC 
gene cluster, cpcB2 (516 bp) and cpcA2 (486 bp), carried by the 6.5 kb EcoRI 
fragment, encodes flPC2 and ctPC2, respectively (Conley et al. 1985, V. 
Capuano et al. 1988). The third PC gene cluster, cpcB3 (519 bp) and cpcA3 
(486 bp) carried by the 9.5 kb EcoRI fragment encodes the fl and ct subunits 
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Fig. 2. Physical organization and transcription of genes Involved in the biosynthesis of 
Calothrix 7601 phycobilisomes. Each EcoRl fragment is denoted by its size in kilobases (kb). 
Solid or dotted lines represent totally or partially sequenced DNA, respectively. Solid or 
dotted arrows represent mRNA mapped or only identified in Northern hybridization experi- 
ments, respectively. The different genes are designated as follows: apcA and apcB, for the ct 
and fl subunits of the allophycocyanins (API and AP2); apcD for the allophycocyanin B 
(APB); cpcA and cpcB, for the ~ and fl subunits of the phycocyanins (PC1, PC2 and PC3); 
cpeA and cpeB, for the ~t and fl subunits of the phycoerythrin (PE); apcE, for the anchor 
polypeptide L92cM,' apcC, for the linker polypeptide L 7'8"c , cpcL and cpcM, for rod linker 
polypeptides; cpcE, cpcF, orfY and orfZ, for the open reading frames which correspond to 
unidentified gene products. The genes designated cpcH, cpcl and cpcD which encode the linker 
polypeptides L 38, L~ 9 and L~ 7, respectively, have been sequenced by Lomax et al. (1987). Some 
of the previously published gene designations have been changed according to the nomen- 
clature rules recently proposed for cyanobacterial genes (Houmard and Tandeau de Marsac 
1988). 

o f  a second 'constitutive' PC species, provis ional ly  called PC3 (Mazel  et 
al. 1988). In each PC gene cluster, the cpcB gene is located upstream from the 
cpcA gene. The intergenic regions o f  the cpcl, cpc2 and cpc3 gene clusters 
are 118, 69 and 116 nucleotides  long,  respectively, and exhibit little or no  
sequence h o m o l o g y .  The deduced amino  acid sequences o f  the cpcB3 and 
cpcA3 genes are 75-78  and 84-85% identical to those  deduced from the 
cpcB1 or cpcB2 and from the cpcA1 or cpcA2 genes, respectively. Possible 
roles and locat ion  in the phycobi l i some structure o f  the new type o f  PC 
(PC3) will be discussed in sect ion 2.3. 

Three genes encoding  an a-type subunit o f  A P  have been isolated in 
Calothrix 7601, while only  two  different s- type subunits  o f  APs  (aAP1 a n d  
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~APB) have been biochemically characterized in cyanobacterial phy- 
cobilisomes. The first gene, apcA1 (483 bp), is located 70 nucleotides up- 
stream from the gene encoding flAP1, apcB1 (486 bp). The two other genes, 
apcA2 and apcD, which are each 483 nucleotides long, are carried by the 3.5 
and 6.3 kb EcoRI fragments, respectively. No open reading frame which 
could encode phycobiliprotein subunits has been found in the vicinity of 
these two genes (Houmard et al. 1988). The deduced amino acid sequence 
of the predicted apcD product is about 700 homologous to the sequence of 
the APB purified from the cyanobacterium Synechococcus 6301 (Suter et al. 
1987). It contains the two tryptophan residues specifically found in this 
phycobiliprotein. The predicted amino acid sequence of the apcA2 gene 
shares 59 and 43% identity with those deduced from apcA1 and apcD, 
respectively (J. Houmard and T. Coursin unpublished data). Additionally, 
an open reading frame (apcE), located upstream from apcA1, has been 
partially sequenced. By analogy to Nostoc sp. (Zilinskas et al. 1987), our 
preliminary data indicate that the putative truncated gene product corres- 
ponds to the high molecular weight protein Lg~ (J. Houmard and V. 
Capuano unpublished data). 

With the exception of the 3.7, 6.5 and 4.5 kb EcoRI fragments which are 
adjacent on the chromosome (Conley et al. 1986), the other EcoRI frag- 
ments are not in close proximity to each other (J. Houmard and T. Coursin 
unpublished data). An alignment of the predicted amino acid sequences of 
the phycobiliprotein genes is presented in the Appendix (Fig. 11A). 

Linker polypeptide genes. Some linker polypeptides have been sequenced 
from purified proteins (Fiiglistaller et al. 1984, 1985, 1986). Based on their 
homology with the deduced amino acid sequences of different open reading, 
frames found in Calothrix 7601, three linker polypeptide genes have been 
identified. The apcC gene (204 bp) located 240 nucleotides downstream from 

78 apcB1 encodes the small linker polypeptide L~ associated with AP in the core 
of the phycobilisome. Its deduced amino acid sequence is 73 and 91% 
homologous to those from Synechococcus 6301 (Houmard et al. 1986) and 
Mastigocladus laminosus (Fiiglistaller et al. 1984), respectively. The cpcL 
gene (978 bp) and the partially sequenced cpcM gene are located down- 
stream from the cpcA3 gene. These genes encode two polypeptides which are 
highly homologous to the linker polypeptides L~ 3 from Synechococcus 7002 
(D.A. Bryant, cited in Glazer 1987) and L~t 45 from Mastigocladus laminosus 
(F/iglistaller et al. 1985, 1986), respectively. Moreover, these genes share 
approximately 550 identity with the two genes which are located down- 
stream from cpcA2 and encode the linker polypeptides L~ and L~ 9 associated 
with PC2 in red-light phycobilisomes (Lomax et al. 1987). The cpcL and 
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cpcM genes are thus likely to encode additional linker polypeptides asso- 
ciated with PCs in the phycobilisome rods. A compilation of the predicted 
amino acid sequences of the linker polypeptides, including those published 
by Lomax et al. (1987), is presented in the Appendix (Fig. 11B). 

Unassigned open reading frames. Four other open reading frames were found 
by sequence analysis which are likely involved in phycobilisome formation. 
The first two are cpcE (882 bp), located 73 nucleotides downstream from 
cpcA 1 (Mazel et al. 1988), and cpcF (783 bp) which is located 51 nucleotides 
downstream from cpcE. As will be discussed later (see Regulation of gene 
expression), cpcE is cotranscribed with the cpcB1 and cpcA1 genes in 
contrast to cpcF which is independently transcribed. The two other open 
reading frames, orJY (1290 bp) and orfZ (618 bp), have been also completely 
sequenced. The first one, orfY, is located 522 nucleotides downstream from 
cpeA, while orfZ is 51 nucleotides downstream from orfY. The putative gene 
products of these four open reading frames do not share significant homol- 
ogy either with known linker polypeptides or with identified phycobilipro- 
teins. Moreover, they could not be assigned to any known proteins by 
comparison with sequences available in DNA (Los Alamos and EMBL) and 
protein (NBRF and PseqlP) data banks (D. Mazel unpublished data). Their 
deduced amino acid sequences are presented in the Appendix (Fig. 11C). 

2.2.2 Transcription analysis 
The characterization of the mRNA species corresponding to most of the 
Calothrix 7601 genes that we have identified has been carried out by Nor- 
thern hybridization, S 1 nuclease mapping and primer extension experiments 
using total RNA extracted from cells grown under red- or green-light 
conditions. The identified mRNA species are presented in Fig. 2. 

From this analysis, it appears that only apcA2, apcD, cpcF and orfY are 
transcribed as monocistronic units, the sizes of the transcripts being 
approximately 0.65, 0.55, 1.1 and 1.5 kb, respectively. The 5' extremities of 
the apcA2 and apcD transcripts are located 97 and 24 nucleotides respective- 
ly upstream from the initiation codon of the corresponding genes. The 
apcA 1B1 C, cpcBIA 1E and cpcB3A3 gene clusters are transcribed as polycis- 
tronic units. The apcAIB1C operon is transcribed into three major mRNA 
species of approximately 1.7 (apcAIBIC), 1.4 (apcAIB1) and 0.25 kb (apcC). 
The 1.7 and 1.4kb transcripts have the same 5' extremity, 193 nucleotides 
upstream from the initiation codon of the apcA1 gene. The 5' end of the 
shortest transcript has not been mapped, but is likely to be located between 
the apcB1 and apcC genes. In addition, two transcripts of 5.7 and 5.5 kb, 
which are about one hundred times less abundant than the 1.4 kb mRNA 
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species, can also be detected. These correspond to the cotranscription of 
both the apcE gene and the apcAIBIC operon. Thus, these large transcripts 
include most of the genes which encode components of the phycobilisome 
core. The cpcl operon is transcribed as two mRNA species of 1.45 and 
2.4kb corresponding to cpcB1A1 and cpcBIA1E, respectively. These tran- 
scripts have the same 5' extremity which occurs 255 nucleotides upstream 
from the initiation codon of the cpcB1 gene. The cpcB3A3 operon is tran- 
scribed as a unique mRNA species of approximately 2 kb. All the genes 
mentioned above are transcribed at roughly similar levels in cells grown 
under red or green light conditions and, consequently, are probably in- 
dependent of the light wavelength control exerted during complementary 
chromatic adaptation. 

The remaining two gene clusters, cpc2 and cpe, which respectively encode 
the 'inducible' PC2 and PE subunits, are also transcribed as polycistronic 
units, but only under specific chromatic illumination (Conley et al. 1985, 
Mazel et al. 1986, our laboratory unpublished data). Two red-light specific 
transcripts of the cpcB2A2 operon can be detected. One (1.5 kb) is produced 
by the cotranscription of cpcB2 and cpcA2. The second transcript (3.8 kb) 
extends downstream from cpcA2 and includes the genes encoding the PC2- 
associated linker polypeptides: L3R 8, L 39 and L~ 7 (Lomax et al. 1987, D. Mazel 
unpublished data). The cpeBA operon is transcribed as a unique green-light 
specific 1.5 kb mRNA species, whose 5' end occurs 66 nucleotides upstream 
from the initiation codon of cpeB (Mazel et al. 1986, D. Mazel unpublished 
data). 

With the exception of the cpe operon in which E. coli-like promoter 
sequences are found, analysis of the nucleotide sequences upstream from the 
potential start sites of transcription of the different mRNA species identified 
in Calothrix 7601, did not reveal sequences similar to the E. coli consensus 
promoter sequences (Fig. 3A). Moreover, no consensus sequence which 
might correspond to the binding site for the Calothrix 7601 RNA poly- 
merase could be reasonably deduced from the comparison of all the sequen- 
ces which are available today (Fig. 3A). In contrast, a striking homology 
(56%) is found between a 43bp long sequence (located 41 nucleotides 
upstream of and including the first two nucleotides of the Calothrix 7601 
cpcl transcripts) and a sequence of Synechococcus 7002 (332 to 374 nucleo- 
tides upstream from the AUG of the cpcB gene), which, according to Pilot 
and Fox (1984), probably corresponds to the promoter region (Fig. 3B). 
Similarly, in Anabaena 7120, the nucleotide sequence (nucleotides -287 to 
-243 in Belknap and Haselkorn 1987) which precedes and includes the 
transcription start site (nucleotide -243) is 73% homologous to that of 
Calothrix 7601 (Fig. 3B). In contrast, no other homology has been noticed 
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g~(antiRNA) ATTGCTAACTCAGCAATTCTGATATTATGGACTCTGCTTAATGATTAAGCAGGTACTGCA 

B 
Synechococcus 7002 

Calothrix 7601 

Anabaena 7120 

/ 
- 4 0  - 3 0  - 2 0  - 1 0  t 

AGATCTTTTTACAAGATGTAATGTTTAAATGC-CGGCAGACGTTGTATAACATTTACCTA 
* ** **** ***** *** * * ** * ****** * 

GACTAACTTGACAATTCGTAATAAACAAACGATCCAACGATATAGTATAaACAAGTAATG 

TTATTTATTCAC.~TTTGTAACA~ATAAGGATC-TATAGCATTGTAT.~..ACaT.~GCTG 

Fig. 3. Nucleotide sequences of the promotor regions. A. Comparison of the sequences from 
the Calothrix 7601 genes. Distances from the first ATG of the coding sequences are indicated 
in base pairs (bp). Numbering of nucleotides is based on the assignment of the first base of 
the transcripts as nucleotide + 1. B. Comparison of the sequence of the promoter regions of 
the Calothrix 7601 cpcBIAIE operon with those of the cpc operon from Synechococcus 7002 
(nucleotides 1 to 59 in De Lorimier et al. 1984) and from Anabaena 7120 (nucleotides -294 to 
-236 in Belknap and Haselkorn 1987). Lower cases correspond to the start sites of transcrip- 
tion determined for Calothrix 7601 (also indicated by an arrow) and for Anabaena 7120. Stars 
indicate nucleotide identities. Dashes indicate gaps inserted to maximize homology. Number- 
ing of nucleotides is based on the assignment of the first base of the Calothrix 7601 cpc 
transcripts as nucleotide + 1. 

within the 5' untranslated regions of  the transcripts. It is thus tempting to 
hypothesize that  the homologous  part  o f  these sequences plays a role in 
initiating transcription o f  the PC genes in these cyanobacterial  strains 

(Mazel et al. 1988). 
The 3' end o f  the cpcB1A1 transcript  has also been mapped.  Transcripts 

terminate a few nucleotides downst ream from a thermodynamical ly  stable 
s tem-and-loop structure which is not  followed by an AU-rich sequence 
(Mazel et al. 1988). This result is similar to those ob- 
tained for the 3' ends o f  the transcripts o f  the gvpA1A2C operon  (see 

Transcription of  the gyp genes). 

2.2.3 Regulation of  gene expression 
Phycobilisomes are supramolecular  structures in which the stoichiometry o f  
the different components  and their positioning within the structure are 
essential for  optimizing their light-harvesting capacity and their ability to 
transfer energy to the reaction centers o f  photosystem II. Moreover ,  the 
energy t rapped by the phycobil isomal units generally does not  exceed the 
functional capacity o f  the photosynthet ic  reaction centers. To  do this, some 
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cyanobacteria are not only able to alter the number and the size of their 
phycobilisomes in response to the incident light energy, but also to modify 
their rod composition in response to light wavelength. These properties rely 
on an accurate photoperception system coupled to precise coordination of 
the expression of the different genes involved in these light-dependent 
processes. At the molecular level, this can be performed by varying the copy 
number and/or by regulatory mechanisms which can operate at different 
levels: transcriptional (level of transcription and/or mRNA turnover), 
translational (occurrence or modulation of the protein synthesis) and post- 
translational (maturation and/or degradation of proteins). 

Based on physiological studies performed on exponentially growing cells, 
it has been established that phycobiliproteins are stable proteins which do  
not turnover (Bennett and Bogorad 1973, Tandeau de Marsac 1977). After 
transfer from red to green illumination, or vice versa, changes in the phy- 
cobiliprotein content of the cells are due to de novo synthesis, the preexisting 
phycobiliproteins disappearing only by dilution during growth. Experi- 
ments performed using transcription inhibitors indicated that adaptation to 
new illumination conditions were probably due to transcriptional regulation 
of the expression of the genes encoding PE and most probably PC2 (Gendel 
et al. 1979, Tandeau de Marsac 1983). 

With the recent characterization of the genes encoding components of the 
phycobilisomes in Calothrix 7601 and the analysis of their transcription 
using total RNA from cells grown under red- or green-light conditions, it 
has been definitely established that the transcription of the cpcB2A2HID 
and cpeBA operons is red- and green-light specific, respectively (Fig. 2; 
Conley et al. 1985, Mazel et al. 1986, our laboratory unpublished data). 
However, this regulatory mode constitutes only part of the complex tran- 
scriptional regulatory system which occurs inCalothrix 7601. Indeed, at least 
three operons, cpcB1A1E, cpcB2A2HID and apcEA1B1C, give rise to seg- 
mented transcripts which are present at different levels. It is also worth 
noting that in each of these three operons, and also in the cpeBA and 
cpcB3A3 operons, the genes coding for the ~ and 13 subunits of a specific 
phycobiliprotein are always cotranscribed, ensuring that both subunits can 
be made in an equimolar ratio. Besides the cpcB3A3 operon and the apcA2 
gene, which are transcribed about 50 times less efficiently than the cpcB1A1 
and the apcA1B1 genes, respectively, and to which no function has yet been 
assigned, we generally observe a good correlation between the levels of 
transcription of the different operons and the proportions of the corres- 
ponding phycobiliproteins in the phycobilisome. This suggests that the 
promoters of these operons may have different efficiencies and/or require 
specific effectors. The occurrence of segmented transcripts for the 
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apcEA1B1C and cpcB2A2HID operons, and the higher level of the mRNA 
species which do not contain the linker sequences, constitute another means 
of coordinating the expression of genes whose products are required in 
different molar ratios (Grossman et al. 1986, J. Houmard and V. Capuano 
unpublished data). The occurrence of a small mRNA species (0.25 kb) 
corresponding to the apcC gene which encodes the AP-specific linker L~ 8, is 
somewhat more surprising. As also noticed by Grossman et al. (1986), we 
observe that this small transcript is more abundant in cells grown under red 
light than under green light, which is unexpected given the invariance of the 
core composition during complementary chromatic adaptation. Conversely, 
the 1.7 kb mRNA (apcAIBIC) is less abundant in cells grown under red 
light than under green light, while the amount of the 1.4kb species 
(apcAIB1) is almost unchanged. Since the sum of the 0.25 kb and 1.7kb 
transcripts is about constant under both light regimes, this suggests that the 
small transcript might result from the processing of the longer one. 

In Synechococcus 7002 (Bryant et al. 1986), the cpc gene cluster consists 
of six adjacent genes, namely cpcB (flPC), cpcA (~PC), cpcC (L~ 3) and cpcD 
(L~7), followed by two open reading frames, cpcE and cpcF. InAnabaena 
7120 (Belknap and Haselkorn 1987), at least five genes have been found 
which are organized similarly and are highly homologous to the cpcBACDE 
genes from Synechococcus 7002. Surprisingly, the Calothrix 7601 cpcB1 and 
cpcA1 genes are followed by two open reading frames whose deduced amino 
acid sequences bear no significant homology with any of the known linker 
polypeptide sequences. However, the first open reading frame, cpcE, which 
is cotranscribed with the cpcB1 and cpcA1 genes, shares approximately 65% 
identity with the cpcE gene located immediately downstream from cpcD in 
Synechococcus 7002 and Anabaena 7120 (Belknap and Haselkorn 1987, 
D.A. Bryant personal communication). Finally, unlike Synechococcus 7002 
in which there is a short open reading frame ( l l 4bp  long) within the 
transcript upstream from the cpcB gene (De Lorimier et al. 1984, Pilot and 
Fox 1984), no open reading frame has been found upstream from cpcB1 in 
Calothrix 7601, although this untranslated region is also rather long 
(255 bp). 

As shown in Fig. 4, an interesting feature of the cpeB1A1E operon is that 
22 nucleotides (sequence 1), located at the 5' extremity of the transcript, are 
able to form a stem-and-loop structure (AG = - 14.6 kcal/mol) with the 
22 nucleotides (sequence 3) located 35 nucleotides downstream. In addition, 
11 nucleotides (sequence 2), located inside the loop of this secondary struc- 
ture, are able to form a stem-and-loop structure (AG = - 9.8 kcal/mol) 
with part of sequence 1 (sequence 1') which is involved in the formation of 
the stem of the structure 1-3. In contrast to structure 1'-2, the larger and 
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A AAG & AACGATGCA ACO &TAT&G TATAVA ACA AOTAIATGQA A AQCT ~CA~AG & & A A~ AGC~T T T~A~C~TT& A A ~  TQ& ~T~TCAM T~AAQ & AT TAA AAA &T 

÷1 

mRNA 1 ' ~ 2  

tG ( kcal/mol ) -9.2 

TRANSCRIPTION ~ "  

( ) 
1 3 

-14.6 

Fig. 4. Hypothetical attenuation-like regulatory mechanism for the transcription of the 
Calothrix 7601 epeB1A1E operon. The arrow denotes the start site of transcription (+ 1). 
Numbers indicate the DNA sequences which are involved in the formation of secondary 
structures. The upper line coresponds to the DNA sequence and the bottom of the figure 
presents the equilibrium between the two potential secondary structures which can be formed 
in the 5' untranslated region of the mRNAs. The free energy values (AG) were calculated 
according to Cech et al. (1983). 

more stable one (structure 1-3) is followed by a very AT rich region. These 
observations, together with the length of the 5' untranslated region of  the 
mRNA, lead us to propose an 'attenuation' model, in which structure 1-3 
could act as an early transcription terminator, while structure 1'-2 would 
allow transcription to proceed. A positive effector could stabilize structure 
1'-2, as soon as the corresponding sequences are transcribed, in order to 
prevent the formation of the potential 'terminator' (structure 1-3). In this 
hypothetical model, the equilibrium between these two potential structures 
would modulate the transcription rate of the cpcB1A1E operon in response 
to environmental factors, such as light intensity or nutrient availability 
(Mazel et al. 1988). 

On the other hand, while the cpcB1A1 and cpcB1A 1E transcripts have the 
same 5' extremity, they are present in different amounts. Thus, there must 
be a difference either in the termination efficiency or in the stability of these 
two mRNAs. Potential secondary structures in the mRNAs have been 
postulated to play an important role in transcription termination in prokar- 
yotes (Platt 1986). However, recent results suggest that stem-and-loop struc- 
tures might be important in protecting against 3' exoribonucleases, rather 
than in terminating transcription (Brawerman 1987). Indeed, it has been 
clearly demonstrated that these structures can influence the rate of mRNA 
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decay and increase their stability by preventing degradation (Belasco et al. 
1985, Wong and  Chang 1986, Newbury et al. 1987). In the case of the 
cpcBIA1 transcript, an extremely stable stem-and-loop structure (AG = 
- 3 0  kcal/mol) could be formed ending two nucleotides upstream from its 
3' end. In contrast, no such stable secondary structure exists downstream 
from the cpcE stop codon and, on Northern blots, the band corresponding 
to the cpcB1AIE mRNA is more diffuse than that of cpcBL41 mRNA, 
suggesting a lower stability of the cpcBIA1E mRNA. Although we cannot 
rule out that these hairpin structures play a role in the release of the RNA 
polymerase, it is tempting to correlate their presence with the stability and 
abundance of the two mRNA species corresponding to cpcBiA1 and 
cpcBIAIE. 

Finally, the fact that the cpcE gene is cotranscribed with the cpcB1 and 
cpcA1 genes but does not encode a phycobilisomal protein-like product, 
raises the questions concerning the function of the cpcE gene product. 
Among other possibilities, it might encode a factor involved in a post- 
translational process, such as the linkage of the chromophore to the apopro- 
teins or the maturation of the polypeptides. Examples of post-traaaslational 
modifications of the phycobilisome components have recently been des- 
cribed, including methylation of the phycobiliprotein fl subunits (Minami et 
al. 1985, Klotz et al. 1986, R~imbeli et al. 1987), reversible phosphorylation 
(Allen et al. 1985) and glycosylation of some linker polypeptides (Riethman 
et al. 1987). Some of these modifications might be necessary to prevent 
proteolytic degradation of the phycobilisome components and/or to confer 
a functional configuration. Analysis of a mutant obtained by interposon 
mutagenesis (Bryant 1988) indicated that the cpcE gene is probably im- 
plicated in chromophore attachment to the PC ~ subunit in Synechococcus 
7002. This would be in agreement with our first hypothesis. However, 
confirmation of this result awaits further transcription analysis in order to 
rule out a possible polar effect of the mutation studied on the expression of 
the cpcF gene located downstream from the inactivated cpcE gene in 
Synechococcus 7002. 

In Calothrix 7601, the cpcF gene found downstream from cpcE, is tran- 
scribed as a unique mRNA species and could have thus been considered as 
a gene unrelated to the formation of phycobilisomes. However, analysis of 
spontaneous pigmentation mutants from Calothrix 7601 strongly suggests 
that the cpcF gene product is involved in some regulatory processes in the 
synthesis of phycobilisomes. Indeed, the characterization of the pigmenta- 
tion mutant, GY3, revealed that a typical bacterial insertion sequence, 
IS701, had spontaneously inserted in the 5' part of cpcF, leading to tran- 
scription termination. Phycobilisomes purified from this mutant are smaller 
than those from the wild-type strain. They are practically devoid of PCs and 
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PE and, consequently, do not contain rods, while linker polypeptides appear 
to be present. Although red-light phycobilisomes from this mutant contain 
less than 10% of PC2 when compared with the wild-type phycobilisomes 
and green-light phycobilisomes contain only traces of PE, the synthesis of 
these phycobiliproteins remains under the chromatic light control (D. Mazel 
unpublished data). 

Even more interesting are the results of the anlaysis of the transcription 
of the phycobiliprotein genes in the mutant GY3. They revealed that the 
apcAIB1, cpcB1A1 and cpcB2A2 operons are transcribed to the same extent 
as in the wild-type strain, while the transcription of the cpeBA operon is 
dramatically decreased. However, no free PCs (or apoproteins) have been 
detected by biochemical and immunological techniques although the AP1 
concentration is unmodified. This suggests that the cpc genes are transcribed 
but are not translated or are only poorly translated. One cannot totally 
exclude, however, that the apoproteins are very rapidly degraded. Since a 
single gene product is unlikely to be directly involved in the translational 
regulation of one operon and in the transcriptional regulation of another 
one, we propose, as a working hypothesis, that the cpcF gene product is 
primarily acting on the translation of the cpc genes, the effect on the tran- 
scription of the cpe genes being a secondary consequence of this transla- 
tional regulation. Indeed, since PE hexamers cannot attach directly to the 
phycobilisome core, an autoregulation of the transcription of the cpe genes 
by free PE could occur. (D. Mazel unpublished data). 

If our hypothesis is correct, how could the cpcF gene product act on the 
translation of the cpc genes? Potential secondary structures in the long 5' 
untranslated region of the cpcBIA 1 operon and in the region between cpcB1 
and cpcA1 might mask the ribosome binding site sequences. We thus 
propose a model of regulation (Fig. 5) in which the cpcF gene product acts 
as a positive effector destabilizing the hairpin structures upstream 
from cpcB1 and allowing the ribosome to bind. Subsequently, the migration 
of the ribosomes along the mRNA would liberate the ribosome binding site 
upstream from the cpcA1 gene allowing translation of this gene to proceed. 
Such a translational regulatory mode, which is independent of the light 
wavelength, would permit rapid changes in the synthesis of PC 1 in response 
to environmental factors. Since hairpin structures are also present in the 
same region of the transcripts for the cpcB2A2 and cpcB3A3 operons, this 
suggests that tlaese operons could also be regulated by a similar mechanism. 

~2.3 Conclusions 

With the exception of the gene encoding one of the phycobiliproteins of the 
phycobilisome core,//18.3, all of the Calothrix 7601 phycobiliprotein genes 



cpcF 
! 

® 

~cpcB1 
! 

cpcA1 

115 

A 

~PC1 O/PC1 

Fig. 5. Hypothetical model for post-transcriptional regulation of the cpcB1A1E operon 
mediated by the cpcF gene product. Boxed regions denote the coding regions of the genes. 
Hairpins 1, 2 and 3 are the potential secondary structures which might form within the 
cpcB1A1 and cpcB1AIE transcripts (free energy values AG = - 14.6, -7.5 and -22.3 kcal/ 
mol, respectively, calculated according to Cech et al. 1983). 1' indicates the mRNA sequences 
to which ribosomes bind to initiate translation. The filled half-circle represents the cpcF gene 
product. 

have now been identified, as have most of the genes encoding linker polypep- 
tides. At least two levels of control are involved in the regulation of the 
expression of these genes: transcriptional and translational. The first mode 
of control occurs in response to changes in the chromatic light, but, accord- 
ing to our proposed 'attenuation' model, it might also occur in response to 
other environmental changes. The translational mode appears to be in- 
dependent of the chromatic illumination, and is likely to be a more general 
process involved in modulating the synthesis of phycobilisome components. 

Three sets of genes encoding both the ~t and fl subunits of PCs and three 
genes encoding a-type subunits of AP have been found in Calothrix 7601. 
The functions of cpcB3A3 and of apcA2 remain to be determined. If their 
gene products are accommodated within the phycobilisome structure, the 
divergence of their amino acid sequences, as compared with those of the 
other cpc and apc gene products, suggests that they may have acquired 
different roles and/or lead to heterogeneity in the phycobilisome building 
blocks. Alternatively, these phycobiliprotein gene products might be specific 
for different cellular types. This second hypothesis can probably be ruled 
out, since results from experiments performed with Calothrix 7601 and 7504 
(which, in contrast to Calothrix 7601, is still able to differentiate fully 
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functional heterocysts) have shown that the level of transcription of the 
cpcB3d3 genes is similar both in heterocysts and in vegetative cells (D. 
Mazel unpublished data). In contrast, detailed analyses of the structure and 
composition of the phycobilisome core from Synechococcus 6301 and 
Synechocystis 67.01 have shown that the constituent trimers are heteroge- 
neous. This heterogeneity is correlated with the function of the different 
phycobiliproteins in the transfer of energy to the photosynthetic reaction 
centers (Glazer 1982, Anderson and Eiserling 1986). It might well be that 
some of the AP o-type subunits found in the core correspond to the Caloth- 
fix 7601 apcA2 gene product. Similarly, although the only example of rod 
heterogeneity reported so far is that of the PE- or PC-rich rods present in 
phycobilisomes from Nostoc sp. MAC (Glick and Zilinskas 1982, Anderson 
et al. 1983), heterogeneity of the 'constitutive' PC molecules could exist 
either within different hexamers or within one hexamer of the peripheral 
rods. In fact, this hypothesis would be in full agreement with the results 
obtained by G. Guglielmi and D.A. Bryant (unpublished data). These 
authors observed that PE-rich rods from Nostoc 8009 phycobilisomes puri- 
fied from white-light grown cells only contain one PC hexamer which is 
composed of three types of PCs (two 'constitutive' PCs and one 'inducible' 
PC). 

Several other genes, besides the genes encoding phycobilisome com- 
ponents, are required for the synthesis of the chromophores and their 
linkage to the apoproteins. Regulatory genes might also be necessary to 
ensure coordinated synthesis of the chromophore(s) and of the apoprotein. 
Furthermore, in the case of chromatically adapting strains, several other 
genes are expected to be involved in the synthesis of the photoreceptor. 
Particular efforts should now be directed towards their identification. The 
study of the function of the apcA2 gene product is of particular interest with 
regards to that problem. Indeed, we cannot exclude that the apcA2 gene 
product corresponds to the photoresponsive AP found in Calothrix 7601 by 
Ohad et al. (1979, 1980). Nevertheless, the question of the relationship. 
between such a photoresponsive AP and the photoreversible pigment invol- 
ved in complementary chromatic adaptation remains to be solved. 

3. Hormogonia differentiation 

As shown in Fig. 6 (A and B), vegetative filaments of Calothrix 7601 are 
morphologically different from differentiated hormogonia. Hormogonia 
cells are smaller and filled with refringent granules which are aggregates 
of gas vesicles providing cells with buoyancy. Pili are produced at the 
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Fig. 6. Light micrographs of Calothrix 7601 vegetative trichomes (A) and differentiated 
hormogonia (B). Bar marker indicates 20 pm. 

cell surface. Their presence is correlated with hormogonia motility (G. 
Guglielmi unpublished data). 

3.1 Physiological character&tics of hormogonia differentiation 

Physiological studies of hormogonia differentiation in Calothrix 7601 re- 
vealed that it may begin in any cell within the filament and then progresses 
to neighboring cells along the filament. Moreover, the percentage of dif- 
ferentiated cells has been shown to be highly dependent on i) the spectral 
quality of the light, ii) the growth phase of the preculture and iii) the 
incubation temperature. Indeed, 90 to 100%0 differentiation is obtained if 
cells in early exponential phase are transferred to red illumination and 
incubated at 25-30 °C. If, under similar conditions, cells are incubated either 
under green light or under 50% red light plus 50% green light, instead of red 
light alone, the percentage of differentiation decreases to less than 30% or 
to approximately 50%, respectively. Interestingly the efficiency of dif- 
ferentiation is lower for cells in mid- or late-exponential phase. Indeed, 
90-100% differentiation is only obtained if such cells are transferred into 
fresh culture medium and then incubated under red light (T. Damerval and 
G. Guglielmi unpublished data). 

Thin sections of cells collected at different times after the induction of the 
differentiation (Fig. 7) show that cells collected 6 h after the induction are 
dividing with a reduced elongation of the longitudinal cell wall. They 
produce gas vesicles which appear as electron-transparent cylindrical struc- 
tures. After 12 h, cell divisions (usually two) are completed and aggregates 
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Fig. 7. Developmental cycle of hormogonia differentiation in Calothrix 7601. Electron micro- 
graphs of thin section of cells collected at various times (h) after the induction of the ~ 
differentiation. Gas vesicles (GV) are visible as electron transparent structures. Bar marker 
indicates 1 #m. 

of gas vesicles increase in size until 24 h. This hormogonia state is transient; 
as growth proceeds, regeneration of vegetative filaments occurs with a 
concomittant loss of the gas vesicles (T. Damerval and G. Guglielmi unpu- 
blished data). Figure 8 presents an electron micrograph of a gas vesicle 
isolated from Calothrix 7601. 

3.2 Functional organization of the genes involved in gas vesicle formation 

In order to elucidate the molecular basis of hormogonia differentiation, we 
looked for an appropriate marker. Since the formation of  gas vesicles 
appears to be correlated with the other morphological changes which occur 
during hormogonia differentiation, we chose to isolate the gene encoding the 
major structural protein (GVP) of the gas vesicle. 
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Fig. 8. Electron micrograph of a negatively stained gas vesicle isolated from Calothrix 7601. 

3.2.1 Characterization of the gvp genes 
Gas vesicle structure and function have been analyzed in detail (for reviews 
see Walsby 1978, 1981, 1987). According to studies by Walsby and cowor- 
kers, these vesicles, which are impermeable to water and permeable to gases, 
are made up of only one protein species whose amino acid sequence is highly 
conserved among cyanobacteria and other gas-vacuolate bacteria (Walker 
et al. 1984). It was thus possible to design a synthetic 29 nucleotide-long 
oligodeoxynucleotide sequence in order to probe the Calothrix 7601 
genome. Two HindlII fragments of 2.6 and 2.3kb hybridized with this 
probe. Both fragments were cloned from a genomic library constructed in 
2EMBL3 and the genes carried by these two DNA fragments were further 
analyzed. The 2.6kb fragment bears two genes encoding the structural 
gas-vesicle protein. These genes, gvpA1 and gvpA2 are identical in length 
(216 bp) and are separated by 105 nucleotides. Their nucleotide sequences 
are 91.5% homologous. The 18 nucleotide differences are scattered along 
the length of the genes, but generally affect only the third base of a codon 
(Tandeau de Marsac et al. 1985, Damerval et al. 1987). These genes most 
likely arose by duplication of an ancestral gene followed by silent mutations. 
In contrast, the upstream and downstream regions of each of these two 
copies share no homology. Each of these two genes encode a protein of 7375 
daltons (see Appendix, Fig. 12). The first methionine residue is apparently 
proteolytically processed (Tandeau de Marsac et al. 1985), since it has not 
been found in the amino acid sequence performed on the purified protein 
(Hayes et al. 1986). As expected from biochemical studies (Walsby 1978, 
Walker et al. 1984), the gvpA gene product is highly hydrophobic and shares 
a very high degree of homology with the total or partial amino acid sequen- 
ces determined for the gas vesicles protein from other cyanobacteria and 
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from halobacteria (Tandeau de Marsac et al. 1985, Damerval et al. 1987, Das 
Sarma et al. 1987). 

A third open reading frame has been found downstream from the gvpA2 
gene. It could not be correlated to any known gene or product, but has been 
called gvpC since it is cotranscribed with gvpA1 and gvpA2 (see Section 
3.2.2). A potential ribosome binding site, GGAG, located 6 nucleotides 
upstream from an ATG sequence suggests that the gvpC gene starts 215 bp 
downstream from the end of gvpA2 and would be 489 bp long. Unlike the 
gas vesicle protein, the gvpC gene product is predominantly hydrophilic. 
Interestingly, the internal part of the gvpC gene is composed of four con- 
tiguous repeats, each 99 bp long, which form highly homologous repeats in 
the deduced amino acid sequence (see Appendix, Fig. 12). Another kind of 
periodicity has been detected inside the 99 bp repeats, suggesting that the 
gvpC gene might have evolved by amplification of a 33 bp long primordial 
building block (Damerval et al. 1987). 

A fourth gene involved in gas vesicle formation is present in the Calothrix 
7601 genome. Indeed, the 2.3 kb fragment which hybridized with the 29-mer 
oligonucleotide also hybridized with a probe corresponding to an internal 
region of the gvpA1 gene. This gene, designated gvpD, is located approxi- 
mately 5 kb upstream from the other gvp genes. Preliminary sequence data 
indicate that gvpD is 252 nucleotides long and could encode a protein of 
approximately 8600 daltons. Consequently, the gvpD gene product is, like 
the Halobacterium halobium GVP (Das Sarma et al. 1987), a few amino acids 
longer than that of the gvpA genes. The sequence of the N-terminal 70 amino 
acid residues is about 80% identical to that of the gvpA gene products (T. 
Damerval unpublished data). 

3.2.2 Transcription of the gyp genes 
As expected for a differentiation process, the gyp genes are transcribed 
specifically in hormogonia and not in vegetative cells. For the purpose of a 
detailed transcriptional analysis of the different mRNA species correspond- 
ing to the gyp genes, total RNA was extracted from hormogonia 6 h after the 
induction of differentiation (see section 3.3). Hybridization experiments, 
coupled with mapping of the 5' and 3' ends of the transcripts, demonstrated 
that the 0.3, 0.8 and 1.4 kb long mRNA species correspond to the transcrip- 
tion of gvpA1, gvpAIA2 and gvpAIA2C, respectively. The fourth mRNA 
species, 0.6 kb long, corresponds to the transcription ofgvpD (Csiszhr et al. 
1987). Thus, only the first three genes are organized in an operon which is 
segmentally transcribed. As shown in Fig. 9, these transcripts have the same 
5' extremity, but different 3' ends located, in each case, a few nucleotides 
downstream from stem-and-loop structures, the thermodynamic stability of 
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Fig. 9. Potential secondary structures in relation to the transcription of  the gvpA 1A2C operon. 
Vertical arrows indicate the 3' ends of  the transcripts. Numbering of  nucleotides is based on 
the assignment of  the first base of the gvpA1A2C operon transcript as nucleotide + 1. The 
horizontal arrows depict the three m R N A  species which start at nucleotide + 1, as well as the 
antisense RNA which starts at nucleotide 576. The sizes of  the transcripts are indicated in 
kilobases. The free energy values (AG) of  the potential secondary structures were calculated 
according to Cech et al. (1983). The gvpA2 gene was previously designated gvpB (Damerval 
et al. 1987). 

which increases gradually towards the end of the operon. The start site of 
transcription of the gvpAIA2C operon is located 56 nucleotides upstream 
from the initiation codon of the gvpA1 gene. E. coil-like promotor sequences 
are present upstream from this start site of transcription (TAGTAT as '-10' 
and TTTACA as '-35'; Fig. 3A). Interestingly, we also found an antisense 
RNA, approximately 0.4 kb long, which starts in gvpA2 and ends in gvpA1. 
This antisense RNA can form a perfectly matched duplex with the three 
mRNA species corresponding to the gvpA1A2C operon. No sequences 
sharing homology with either the gvpAIA2C or the E. coli promotor sequen- 
ces were found upstream from its mapped transcription start site (Fig. 3A; 
Csisz~ir et al. 1987). 

3.3 Regulation of gene expression during hormogonia differentiation 

Hormogonia differentiation is a complex developmental process which leads 
to rapid changes in the metabolic state of the vegetative cells and probably 
involves coordinated regulatory mechanisms. In a first attempt to elucidate 
these mechanisms, it was of interest to examine the kinetics of transcription 
of the genes involved in the gas vesicle formation, as well as those involved 
in the synthesis of  the phycobiliproteins after the induction of and during 
this differentiation process. For this purpose, total RNA extracted from 
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cells, collected at different times after the induction of the differentiation, 
was hybridized with probes specific for either the gas vesicle (gvpA1) or the 
phycobiliprotein (cpcB1A1 and apcA1B1) genes. The latter two probes were 
chosen because the corresponding genes are expressed in vegetative cells 
irrespective of  the light conditions (see section 2.2.2). Similar results were 
obtained with these two probes. Figure 10 presents the results of  this kinetic 
study. At the time of the transfer (0 h), no transcript is revealed with the 
gvpA1 probe. Transcription of the gvp genes and of the antisense RNA 
becomes maximal between 3 and 6 h later. The preexisting transcripts are 
then rapidly degraded (Fig. 10). After 9 to 12 h, probes internal to either the 
gvpA1 or the gvpC genes revealed the same smear of short mRNA species 
(data not shown). This indicates that mRNA degradation probably results 
from both endonucleolytic cleavages and 3' exoribonucleases activities. In 
contrast, the amount of the antisense RNA apepars more constant over the 
same time period. This suggests that there are differences in the kinetics of 
appearance and/or stability of these two types of RNAs. Conversely, the 
transcription of  genes encoding phycobiliproteins is totally and specifically 
arrested only when the genes involved in the formation of the gas vesicles are 
transcribed (Fig. 10). These results clearly demonstrate that the expression 
of both the gyp and the phycobiliprotein genes is regulated at the level 
of  transcription during hormogonia differentiation (T. Damerval and G. 
Guglielmi unpublished data). Some of the genes are turned on while others 
are turned off. Our results suggest that different RNA polymerase sigma 

Fig. 10. Kinetics of the transcription of the gas vesicle protein (gyp) and of the allophycocyanin 
(apc) genes in Calothrix 7601. Total RNA was extracted at various times (h) after the 
induction of hormogonia differentiation and hybridized with probes internal to the gvpA1 and 
apcA1B1 genes. The size of the transcripts is indicated in kilobases (kb). 
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factors may exist allowing transcription to occur at the different develop- 
mental stages. Moreover, the presence of an antisense RNA, together wtih 
the rapid degradation of the transcripts corresponding to the gyp genes, 
indicate that the expression of the gvpA1A2C operon is also regulated at a 
post-transcriptional level (Csisz/lr et al. 1987). 

2.4 Conclusions 

Until recently, it was thought that gas vesicle formation results from an 
autocatalytic phenomenon involving a single protein species (Jost and Jones 
1970, Walsby 1981). We have shown that four genes are involved in gas 
vesicle formation in the cyanobacterium Calothrix 7601. The two structural 
genes, gvpA1 and gvpA2, specify identical products despite the mutations 
which have occurred within the coding sequences. The very small size and 
very particular function of this protein may allow only few modifications to 
occur in its primary structure without altering the function of the molecule. 
In addition, the fact that this gene has been duplicated might be related to 
the very high level of expression required during the differentiation process. 
Indeed, large amounts of protein must be synthesized within a very short 
time. Multigene families are usually found whenever expression must be 
faster than that which can be achieved by enhanced expression from a single 
copy (Stark and Wahl 1984). On the other hand, the existence of the gvpD 
gene, which is very homologous to gvpA indicates that two protein species 
are most probably required to make the two different parts of the gas vesicle: 
the cylindrical body and the conical ends (Fig. 8). 

Another unexpected result revealed by our studies concerns the discovery 
of the gvpC gene. Although its product has not yet been characterized 
biochemically, there are indications that this gene is translated in Calothrix 
7601. Essentially two roles can be anticipated for this putative gene product: 
binding of the gas vesicle protein so as to maintain it in a soluble form 
suitable for assembly, or regulation of the gas vesicle formation. The pri- 
mary structure of the gvpC gene product and the results of a systematic 
search for the presence of the gvpC gene in different cyanobacterial strains 
which produce gas vesicles either 'constitutively' or after induction, lead us 
to favor the first hypothesis (T. Damerval and A.-M. Castets unpublished 
data). Indeed, the role of this protein could be to increase the efficiency of 
the gas vesicle assembly, the combination of the gas vesicle proteins with this 
binding protein being a dispensable step in the assembly process. 

Finally, we have shown that the gyp genes are rapidly turned on during 
hormogonia differentiation, while those encoding phycobiliproteins are 
simultaneously and temporarily turned off. The antisense RNA could form 
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double-stranded duplexes with part of the gvpA1A2C transcripts, thereby 
favoring their rapid degradation by double-stranded RNA-specific en- 
doribonucleases. The same antisense RNA could also block the translation 
of the gvpA 1 and gvpA2 genes by impeding the migration of the ribosomes. 
These results constitute the first evidence that this complex differentiation 
process is regulated at both transcriptional and post-transcriptional levels. 

4. Concluding remarks 

Molecular studies of Calothrix 7601 genes involved in phycobilisome syn- 
thesis and hormogonia differentiation have yielded important new informa- 
tion concerning their physical organization and the regulation of their 
expression. However, major questions related to these photoregulated 
processes remain unanswered. The most intriguing ones are: how does light 
act at the molecular level; does the same photoreceptor trigger the modula- 
tion of gene expression or do two or more systems coexist in this cyanobac- 
terium; are different effectors (sigma factors?) involved in these two process- 
es? At present speculations, but no definite answers, can be formulated. 
Undoubtedly, light wavelength plays an important role in both processes. 
However, it is worth noting that there are differences in the way cells 
respond to the chromatic light stimuli. In the case of complementary chro- 
matic adaptation, PC2 is synthesized under red illumination but also in 
darkness, while PE synthesis can only occur under green illumination 
(Tandeau de Marsac 1983). Furthermore, this antagonistic effect of red 
versus green illumination is efficient and fully reversible at any stage of 
exponential cell growth. Red light also stimulates hormogonia differentia- 
tion, but, in contrast to chromatic adaptation, hormogonia differentiation 
does not occur in the dark under our experimental conditions, i.e. when the 
preculture is grown under white light. Moreover, as growth of differentiated 
hormogonia proceeds in red light, regeneration of vegetative filaments 
occurs without any green light requirement. Hormogonia differentiation 
thus appears to be rather similar to the way in which red light triggers a 
cascade of events, which lead to the final biological response in higher 
plants, such as the stimulation of seed germination (Cone and Kendrick 
1986). 

In fact the differences between the two systems, phycobilisome biosyn- 
thesis and hormogonia differentiation, reinforce the interest in their study in 
the same organism. Recent and extremely important progress has been made 
by Wolk and coworkers (Wolk et al. 1984, Flores and Wolk 1985) in 
establishing a conjugation system for filamentous cyanobacteria. This genet- 
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ic transfer system has been adapted to Calothrix 7601 by J.G. Cobley 
(personal communication). In addition, numerous mutants are now avail- 
able. With these genetic tools, we expect to obtain deeper insights into these 
complex but fascinating photoregulatory processes in the near future. 
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Appendix 

Access to the sequences in the EMBL sequence data library 

Several of  the nucleotide sequences of  the Calothrix 7601 genes which are 
mentioned in this paper are or will soon be available in the EMBL/GenBank 
under the following mnemonics: 

F D A P C D  
FDCPCABE 
FDCPCBA2 
FDCPCAB3 
FDGVPA 

- Y00539 for apcD, 
- X06084 for cpcB1A1E, 
- X06451 for cpcB2A2 
- X06083 for cpcB3A3 
- X03101; X06085 for gvpAIA2C. 
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Fig. 11. Predicted amino acid sequences of the polypeptides involved in the formation of 
phycobilisomes in Calothrix 7601. The single-letter code is that recommended by IUPAC/ 
IUB. Some of the previously published gene designations have been changed according to the 
nomenclature rules proposed for cyanobacterial genes (Houmard and Tandeau de Marsac 
1988). 
A. Phycobiliprotein subunits: ~AP1 (apcA I.AA), ~AP2 (apcA2.AA), ~APB (apcD.AA), ~PC 1 
(cpcA1.AA), ~PC2 (cpcA2.AA), ~PC3 (cpcA3.AA), ~PE (cpeA), /~AP1 (apcB1.AA), ~PC1 
(cpcB1.AA), /~PC2 (cpcB2.AA), /~PC3 (cpcB3.AA) and ~PE (cpeB). 
B. Linker polypeptides: L~ s (apcC.AA), L~-like polypeptide (cpcL.AA), LR-like polypeptide 
(cpcM.AA), L~ 8 (cpcH.AA), L~ 9 (cpcLAA) and t~  7 (cpcD.AA). The last three sequences are 
taken from Lomax et al. 1987. 
C. Unassigned open reading frames. 

~v~ . . . . . . . . . . .  ~ . . . . . . .  ~L ° . . . . . . .  ~ . . . . . . . .  ~'L ° . . . . . . . . .  

VETYLKYAEA VGLTQSAAVP A 

~.AA MTPLMIRIRQ EHRGIAEE2~ 0 . 40 AKEQAENLHQ QLFKDTQEFL SVTTAQRQAQ 

FHKDLEKDTE EFLTDTAKER MAK~QQAED LFQFHKEMAE NTQEFLSETA 

KERMAQAQEQ ARQLREFHQN LEQTTNEFLA DTA/<ERMAQA QEQKQQLHQF 

RQDLFASIFG TF 

Fig. 12. Predicted amino acid sequences of the polypeptides involved in gas vesicle formation 
in Calothrix 7601. The amino acid sequence of the gvpA2 gene is strictly identical to that of 
gvpA1. The single letter code is that recommended by IUPAC/IUB. 
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