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Phylogenetic relationships amongst the cyanobacteria based on 16S rRNA sequences

A. Wilmotte and M. Herdman

The purpose of this chapter is to identify the major cyanobacterial lineages by phylogenetic analysis, and to show why it is premature, for this edition of the Manual, to treat the taxonomy of cyanobacteria on a phylogenetic basis. Using the Maximum Likelihood method (fastDNAml, Olsen et al., 1994) and the Neighbor-joining method with several corrections (Jukes & Cantor, Tajima & Nei, Kimura, Transversion analysis, Galtier & Gouy, and the substitution rate calibration method) and a bootstrap analysis involving 500 resamplings, as implemented in the software TREECON (Van De Peer & De Wachter, 1994; http://www.uia.ac.be/u/yvdp/), we have compared the different trees. Two examples of tree topologies, obtained with the same 123 cyanobacterial strains, are given in Figs 1 and 2. Figure 1 shows the tree obtained using the fastDNAml software whereas in Fig. 2, the Neighbor-joining method was applied to a distance matrix calculated using the substitution rate calibration where all positions are weighted according to their rate of variability (Van de Peer et al., 1993). We observe that the branching orders are quite variable, especially at the base of the tree. This makes a hierarchical arrangement of taxa, based on these trees, quite impossible. However, we also observe at the tip of the branchings, groups of sequences which are related and consistently belong to the same lineage. These groupings have a true phylogenetic significance and will be discussed below in more detail. 

Preliminary warnings

Scientists interested in taxonomic or other studies should not take for granted that the strains which they use have been correctly identified, and many culture collections contain misidentified strains (Komárek, 1994). Therefore, they should either use well-characterized strains or make the effort to carry out themselves a polyphasic taxonomic study including a morphological description. In this chapter, the interpretation of phylogenetic trees based on the 16S rRNA sequences is complicated by the presence of strains of unknown morphology, because no descriptions were given. Where the latter appear closely related at the sequence level to another organism, it is impossible to know whether they share additional similarities and whether taxonomic inferences can be made about this grouping. In the case of "Microcoleus 10 mfx" (Geitlerinema PCC 9452) which appeared very closely related to Oscillatoria PCC 7105 (Wilmotte, 1994), it took several years before a cultivated strain was available to the present authors who concluded that the morphology of the two strains was extremely similar and that both could better be assigned to the Geitlerinema group. Another example of confusion involves two non-identical sequences that were submitted for each of the strains "Microcystis" NIES 42 and NIES 43. This pair of strains occupy different positions in the trees, depending on the source of the sequence. This situation may be explained either by a high degree of sequencing errors in one set of sequences, mislabelling of strains in one of the laboratories, or the presence of two different genotypes in each culture. Moreover, both strains are incorrectly identified and do not belong to the genus Microcystis as defined in this Manual.

The trees based on cyanobacterial 16S rRNA sequences

One striking feature of the 16S rRNA trees constructed with Maximum Likelihood or distance methods by us and others (e.g. Turner 1997) is the fact that all branches at the base diverge in a short interval of evolutionary distance, in a ‘fan-like’ manner as observed originally by Giovannoni et al. (1988). As hypothesised by the latter authors, this topology may reflect the fact that the invention of oxygenic photosynthesis was such a revolution that it allowed an explosive radiation of the cyanobacteria in a short time span.

The trees (Figs. 1, 2) also show that a number of sequences have no close relatives, and could be called ‘loner’ sequences. Except for their isolated position, no taxonomic inference can be made for them and sequences of related strains are needed. Unfortunately, these lonely sequences tend to be unstable, grouping with others in a rather erratic manner, depending on the positions and strains used, and the tree building method. We also deplore the presence of many partial sequences in the present dataset, which complicates further the phylogenetic analyses by restricting the number of positions present in all the sequences which can be used for the calculations. Our observations show that the addition of new complete sequences tends to decrease the number of artefactual groupings and therefore we have used yet unpublished sequences in the trees of Figs 1 and 2. As the number of published cyanobacterial sequences has increased greatly during the past year, we expect that the phylogenetic trees will become much more useful for taxonomic inferences. However, we are more sceptical about the possibility to distinguish a well-structured hierarchy of different taxonomic levels, due to the explosive radiation of equivalent lineages in a short domain of evolutionary distance.

A number of clusters can be identified in the tree of Figs. 1 and 2, and are discussed below:

1) The heterocystous cluster (I)

As observed by Giovannoni et al. (1988), this cluster corresponds to a homogenous genotypic lineage well supported by the bootstrap analysis. However, within this cluster, strains assigned to different genera are situated in the same lineage, like Nostoc PCC 7120 and Cylindrospermum PCC 7417 or Nodularia PCC 73104 and Anabaena cylindrica PCC 7122. This illustrates the need to study the genotypic relationships of these strains more in detail. The three strains with divisions in more than one plane, Fischerella PCC 7414, Chlorogloeopsis fritschii PCC 6718 and Chlorogloeopsis HTF (‘Mastigocladus HTF’) PCC 7518, are equally distant to each other in terms of 16S rRNA similarity and represent three different branches, related probably at the genus level. The latter strain no longer produces heterocysts, probably as the result of a mutation (Wilmotte et al., 1993). It should be noted that, although strains assigned to these genera are treated in this Manual as a distinct Section (Section V), their separation from the other heterocystous cyanobacteria of Section IV is not justified on phylogenetic grounds. Scytonema PCC 7110 has no close relatives in the trees. With the recent addition of new sequences, however, some interesting relationships are emerging. Three typical Calothrix strains (PCC 6303, PCC 7102, PCC 7709) cluster together and may represent a single species since the latter two strains showed about 70% relative binding in DNA/DNA hybridization studies (Lachance, 1981). These strains, isolated from terrestrial or freshwater habitats, are related to the marine Rivularia PCC 7116 (though with a bootstrap support lower than 50% in Fig. 2). However, a fourth Calothrix strain (PCC 7507) is not related to this cluster and clearly represents a different genus; this strain produces akinetes (Rippka et al., 1979) and is close to another akinete-former, Cylindrospermum PCC 7417. A cluster of closely related Tolypothrix strains is well separated from Calothrix, in accordance with their treatment in Section IV of this Manual. Five Nostoc strains, including the type strain N. punctiforme PCC 73102, can be considered to be members of a single species, whereas Nostoc PCC 7120 is only distantly related to this group. Finally, the planctonic gas-vacuolate organisms Nodularia, Anabaenopsis, Cyanospira, Aphanizomenon and Anabaena flos-aquae are closely related, but this group also includes Anabaena cylindrica PCC 7122; although the latter was isolated from an aquatic environment, it does not produce gas vesicles.

2) The cluster containing Prochlorococcus marinus, Synechococcus, Cyanobium, and sequences from the Sargasso Sea (II)

Four 16S rRNA sequences directly retrieved from water samples of the Sargasso Sea, and of which the phenotype is unknown, appear closely related to P. marinus and marine picoplanctonic Synechococcus. 

A more complete phylogenetic tree of these organisms is given by Urbach et al. (1998), see also the description of organisms of Section I in this manual. It is surprising that two Cyanobium strains (C. gracile PCC 6307 and C. marinum PCC 7001), that are of freshwater and marine origins, respectivly (identified as Synechococcus in Rippka et al., 1979), cluster with the picoplanktonic organisms, regardless of major differences in mol % G+C (32% for P. marinus PCC 9511 (Herdman & Rippka, unpublished) and 70% for the Cyanobium strains). Included in this lineage is a pair of sequences of "Microcystis holsatica" and "M. elabens" discussed earlier. Sequences carrying the same strain designations but obtained in a different laboratory fall outside this cluster. As described in the chapter on Section I of this Manual, the Geitlerian identification of such organisms as Microcystis requires revision.

3) The Prochlorothrix hollandica strains (III)

This Chl a/b - containing organism was first isolated and described in detail by Burger-Wiersma et al. (1989). The axenic type strain is PCC 9006. Although the morphological similarity of the second strain (Zwart et al., 1998) to PCC 9006 is not documented, both strains are closely related. In the last edition of the Manual  Prochlorothrix was placed in an order separate from the cyanobacteria. In this edition it is treated as a member of Section III, since its exclusion from the cyanobacteria is not justified phylogenetically.

4) The marine Leptolyngbya cluster (IV)

This lineage contains only marine, phycoerythrin-containing strains with narrow filaments corresponding to the genus Leptolyngbya. Three strains identified as Leptolyngbya ectocarpi and which have almost identical 16S rRNA sequences were isolated from different parts of the world: Australia, East Coast of the USA, Corsica (France, Europe). This shows a wide geographical distribution of strains with a similar genotype. A sequence divergence of 6 % separates the cluster of these three strains from strain D5 assigned to Leptolyngbya minuta which has deeper constrictions at the cross-walls (Wilmotte et al., 1992, 1997). The marine strain Plectonema norvegicum F3 is distinguished from the Leptolyngbya strains by more flexuous trichomes, more rounded cells which cannot become much longer than wide, a more irregular sheath and the presence of false-branching (Wilmotte, 1991). It is still questionable whether the genus Plectonema should be retained or merged with Leptolyngbya. The morphology of O. neglecta M-82 corresponds to a Leptolyngbya-type (R. Rippka, personal communication). The marine unicellular Synechococcus PCC 7335 is also, unexpectedly, member of this lineage. It is one of the two cases (the other being Synechococcus PCC 7002, see below) where filamentous and unicellular cyanobacteria are very closely related.

5) A freshwater ‘Leptolyngbya’ cluster (V)

A lineage containing strains which can be assigned to the genus Leptolyngbya emerges. 

L. foveolarum Komárek 1964/112 and L. boryana PCC 73110 have an almost identical 16S rRNA sequence and share a common morphology though the latter strain is distinguished by the presence of sacrificial cells or necridia (Albertano & Kovacik, 1994; Nelissen et al., 1996). The morphology of strains Phormidium M-99 and Oscillatoria M-117 (Ishida et al., 1997) is not documented, although their sequences are virtually indistinguishable from those of the Leptolyngbya strains. 

6) The Pseudanabaena cluster (VI)

The strains Pseudanabaena PCC 7403, PCC 7409, Pseudanabaena galeata CCCOL-75-PS, Limnothrix redekei Meffert 6705 (‘Oscillatoria redekei’) belong to the same lineage (Wilmotte et al., in prep.), as well as Oscillatoria limnetica MR1 (Zwart et al., 1998) and Phormidium mucicola M-221. Pseudanabaena PCC 6903 also belongs to this lineage (not shown). The morphology of O. limnetica MR1 is similar to L. redekei without gas-vesicles (Zwart et al., in prep.) but there is no description of strain P. mucicola M-221 (Ishida et al., 1997). If this strain corresponds to the original description of the species, all the seven strains share a number of morphological similarities: cell diameter between 1 and 3 µm and  absence of sheath. Gas-vesicles are present at the cross-walls, except for PCC 7409 and MR1 which have lost them and Phormidium mucicola where they were not explicitly reported in the original description. The constrictions at the cross-walls are constantly quite deep, except for Limnothrix redekei Meffert 6705 for which Meffert (1987) showed that the constrictions varied from inconspicuous when gas-vesicles were abundant to quite deep when the volume occupied by the gas-vesicles was reduced in particular culture conditions. The lineage defined by these seven strains could correspond to the definition of the genus Pseudanabaena if a certain variation is admitted in the degree of constrictions at the cross-walls as a function of the environmental conditions. 

7) The halotolerant unicellular strains (VII)

The morphology and physiology of these marine, euryhaline and moderately thermophilic "Euhalothece" and "Halothece" strains were studied by Garcia-Pichel et al. (1998) together with the determination of the 16S rRNA sequences. They observed that the morphology was very diverse (cell widths from 2.8 to 10.3 µm, single-celled to colonial habit, round to needle-like cells, baeocyte-formation or binary division) and that the morphological variability was conspicuous, depending on culture conditions. In contrast, the physiological characters were quite similar and the sequences grouped into one lineage. This study is a nice example of a polyphasic approach to the taxonomy of cyanobacteria. 

8) The cluster containing the baeocyte-forming strains (VIII)

There is a cluster grouping the marine strains Pleurocapsa PCC 7516 and Myxosarcina PCC 7312 but another freshwater tropical baeocyte-forming strain, Staniera PCC 7437 and the terrestrial Chroococcidiopsis thermalis PCC 7203 are “loner” strains according to our criteria. Sequences of more baeocyte-formers are therefore necessary to understand the phylogenetic relationships of strains assigned to Section II.

9) The Spirulina strains (IX)

In the distance tree of Fig. 2, the three Spirulina major and S. subsalsa strains are grouped together but with a bootstrap value lower than 50%. In the Maximum Likelihood tree of Fig. 1, Spirulina subsalsa M-223 (Ishida et al., 1997) does not cluster with the others. In the case of strains P7 and PCC 6313, the trichome diameters are similar though there is a distinct space between the spirals of PCC 6313 whereas the spirals of P7 are contiguous (Rippka et al., 1979; Wilmotte, 1991). Like S. subsalsa P7, strain M-223 exhibits the morphology typical of this species (R. Rippka, personal communication). This points to the existence of a certain divergence in morphological and genotypic terms inside the genus Spirulina, which should be studied in more detail.

10) Synechococcus PCC 7002 and Leptolyngbya fragile PCC 7376 (X)

As in the marine Leptolyngbya lineage (above), a unicellular and a filamentous strain of similar marine origin and cell diameter are clustered on the same lineage, but with a similarity (97.4%) which is a bit too low for conspecificity. Oscillatoria rosea M-220, of unknown origin and morphology (Ishida et al., 1997), is also a member of this lineage. If the presence of both morphotypes in the same lineage is hypothesised to result from mutations, the impact of such a phenotypic plasticity on the taxonomic system of the cyanobacteria is not clear because the extent to which it occurs is not known. It would probably not require many genetic changes to allow a filamentous form to brake up into unicells or for unicells to evolve into filaments by remaining attached after cell division" ?

11) The Synechocystis PCC 6906-Microcystis cluster (XI)

There is a moderately supported grouping of three unicellular strains assigned to each of the Synechocystis and Microcystis genera. Microcystis and the high GC cluster of Synechocystis are very similar morphologically and in mol % G+C (Waterbury & Rippka, 1989). Microcystis is distinguished by the presence of gas-vesicles and often forms colonies in nature. However, these two characters can be lost in culture, which would lead to an identification as Synechocystis. Indeed, the non gas-vacuolate Microcystis PCC 7005 was originally classified as Synechocystis (Rippka et al., 1979) but its correct identity was revealed by DNA/DNA hybridization studies: PCC 7005 shows 75% relative binding to PCC 7806 and PCC 7941, but no similarity to Synechocystis PCC 6803 (Rippka & Herdman, unpublished). Noteworthy is that the other Synechocystis strain present in the trees (PCC 6906) does not seem closely related to PCC 6803, despite their similar morphology and mol % G+C content (Rippka et al., 1979). The inclusion within the Synechocystis group of a strain identified as Merismopedia glauca is not surprising, as discussed in the description of strains of Section I in this manual. As described below, a further Synechocystis isolate, PCC 6308, is unrelated to the above isolates; this strain differs from the others by about 12 mol % G+C (Rippka et al., 1979) and clearly deserves a different generic assignment.

12) The Trichodesmium - Oscillatoria PCC 7515 cluster (XII)

It is remarkable that all the Trichodesmium sequences, of which most come from natural populations, cluster tightly together. This is one case where the morphological and ecological similarities are truly consistent with the 16S rRNA sequence analysis. The 16S rRNA sequence of the cultivated strain Trichodesmium NIBB1067 shows 94.9 % of sequence similarity with a freshwater Oscillatoria sancta PCC 7515. Both strains are situated in the same lineage in the trees of Figs. 1 and 2. In view of these data, the conspicuous difference of 9 % of the GC content of the two strains (Herdman et al., 1979; Zehr et al., 1991), and the differences in morphology and ecology, we support the existence of a separate genus Trichodesmium
13) The Arthrospira cluster (XIII)

The two Arthrospira strains from different geographical origins have almost identical 16S rRNA sequences and show no close genotypic relationship to the Spirulina strains.The ITS sequences of 37 Arthrospira strains from 4 continents, including PCC 7345 and PCC 8005, fall into only two separate clusters differing by 44 nucleotides out of 478 positions. This indicates an impressive similarity for geographically distant strains (Nelissen et al., 1994; Baurain & Wilmotte, unpublished). In Fig. 3, the two Arthrospira STRAINS are also closely related to strain NIVA-CYA 136/2 of  Kenyan origin and for which only 479 nucleotides were determined (Rudi et al, 1997). It is noteworthy that the Arthrospira strains are always grouped with Lyngbya aestuarii PCC 7419 which has a quite distinct and different morphology, but this might be due to the absence of any close relative to this thick (15 µm wide) marine Lyngbya in the phylogenetic data set. 

14) The Geitlerinema strains (XIV)

The grouping of the two Geitlerinema strains is not well supported in the trees of Figs 1 and 2, but appears when more Planktothrix strains are added for the tree constructions (Fig. 3). This is an example of the difficulties in interpreting phylogenetic trees with the data set presently available.

15) The Planktothrix and Tychonema lineages

With the exception of Planktothrix agardhii PCC 7821 (ex Oscillatoria agardhii), the available sequences for members of these two genera are short (less than 500 nucleotides) and our phylogenetic interpretation (Fig. 3) should thus be treated as preliminary. Nevertheless, it appears that all of the Planktothrix isolates cluster so closely that their division into four species is not justified. Similarly, it appears that the two species of Tychonema should be combined. The taxonomy of these genera is explained in more detail in the description of Section III.

Other groups

Three other groupings are  consistently present in our trees, but with quite low bootstrap support in the distance tree (Fig. 2) and long branches in the Maximum Likelihood tree of Fig. 1. They are the groups of Cyanothece PCC 7424 and Gloeothece membranacea PCC 6501, of Gloeocapsa PCC 73106 and Staniera cyanosphaera PCC 7437, and of Synechocystis PCC 6308, Cyanobacterium stanierii PCC 7202, and Chroococcus turgidus PCC 9340. We cannot find significant similarities in other phenotypic or genotypic characters to support these groupings, and additional sequences of related strains might help to understand whether they represent artefacts or true relationships. However, the separation of Cyanothece PCC 7424 from the other strains of this genus (PCC 7418 and PCC 9711) is consistent with the fact that PCC 7424 is a freshwater isolate with low salt tolerance, whereas the others are moderate halophiles, and implies that this genus should be divided into two. The same is true for the genus Synechocystis, since the low GC member (PCC 6308) is clearly separated from the high GC strains (PCC 6803 and PCC 6906).

The 16S rRNA from a filamentous strain isolated from roman frescoes, Leptolyngbya VRUC 135, has slight genotypic affinities with the sequence OS-VI-L16 retrieved from a hot spring of Yellowstone and for which the corresponding morphology is presently unknown (Weller et al., 1992). 

Conclusions and recommendations

Since the publication of the last edition of this Manual, it has become increasingly clear that the members of the orders Chroococcales, Pleurocapsales and Oscillatoriales do not form coherent phylogenetic lineages but are dispersed throughout the tree. In addition, members of the Prochlorales which, with the exception of the more recently discovered Prochlorococcus, were treated as a separate order in the last edition, are not phylogenetically distinct from other cyanobacteria. For practical purposes, pending further studies, we recommend that the organisms be arranged in five major groups ("Sections", Rippka et al. 1979) as before, but that two of these (Sections I and III) accommodate unicellular and filamentous "prochloralian" members, respectively.

In spite of the limited number of sequences available, useful information on the genotypic relationships of cyanobacteria has been gained owing to the 16S rRNA sequence analysis. For a meaningful interpretation of these results in terms of taxonomy, it is necessary to link the molecular and phenotypic data using a polyphasic approach. 
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Figure legends

Fig. 1. Maximum Likelihood tree constructed with fastDNAml (Olsen et al., 1994). An intermediate tree was first constructed, using 55 almost complete sequences and 1361 positions and the global rearrangement option. The sequences (123) in the final tree and sequence positions were as in Fig. 2, the shorter sequences being added without permitting local rearrangements in order to preserve the initial tree topology. Chloroflexus aurantiacus was used as outgroup.

Fig. 2. Distance tree constructed with the Neighbor-joining method (Saitou & Nei, 1987), using the rate substitution calibration (Van de Peer et al., 1993) to calculate the evolutionary distances between pairs of sequences, as implemented in the software package TREECON for Windows (Van de Peer & De Wachter, 1994). The parameter p was 0.34. A bootstrap analysis was performed, involving 500 resamplings and the bootstrap values higher than 50 % are given in front of the concerned node. The nodes not supported by at least 50 % of bootstrap are drawn as unresolved. 123 cyanobacterial sequences of cultivated and uncultivated organisms were included, and Chloroflexus aurantiacus was used as outgroup. 820 positions, common to all the sequences, were used and indels were not taken into account. The scale given on top corresponds to an evolutionnary distance of 0.1.

Fig. 3. A clade extracted from the Maximum Likelihood tree of Fig. 1 to which incomplete (less than 500 nucleotides) sequences of strains of Planktothrix, Tychonema, Arthrospira and Phormidium, all from the NIVA culture collection, were added.
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