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Cyanobacteria are a prolific source of secondary metabolites,
including compounds with toxic and enzyme-inhibiting activities.
Microcystins and nodularins are the end products of a secondary
metabolic pathway comprised of mixed polyketide synthases and
nonribosomal peptide synthetases. Both peptides are potent nat-
ural toxins produced by distantly related genera of cyanobacteria.
Horizontal gene transfer is thought to play a role in the sporadic
distribution of microcystin producers among cyanobacteria. Our
phylogenetic analyses indicate a coevolution of housekeeping
genes and microcystin synthetase genes for the entire evolutionary
history of the toxin. Hence they do not corroborate horizontal
transfer of genes for microcystin biosynthesis between the genera.
The sporadic distribution of microcystin synthetase genes in mod-
ern cyanobacteria suggests that the ability to produce the toxin has
been lost repeatedly in the more derived lineages of cyanobacteria.
The data we present here strongly suggest that the genes encoding
nodularin synthetase are recently derived from those encoding
microcystin synthetase.

Toxic cyanobacterial blooms have been reported from fresh and
brackish water bodies for �100 years (1, 2). Toxic blooms have

led to the deaths of wild and domestic animals all over the world
(see a list in ref. 3) and are a health risk for human beings via
recreational or drinking water (4). For example, cyanobacterial
hepatotoxins, microcystins, have been held responsible for the
deaths of 60 patients after renal dialysis with water contaminated
with the toxin in Brazil (5). Chronic low-level exposure to micro-
cystins has been suspected to cause human hepatocellular carci-
noma in China (4). The World Health Organization has set a
provisional guideline value of 1.0 �g�liter�1 for this toxin (6).

Microcystins, cyclic heptapeptide hepatotoxins, are by far the
most prevalent of the cyanobacterial toxins and are produced by
strains of the distantly related cyanobacterial genera Microcystis,
Anabaena, Planktothrix, and more rarely Anabaenopsis, Haplosi-
phon, and Nostoc (2). In brackish waters, the cyclic pentapeptide
hepatotoxin, nodularin, is produced by strains of the genus Nodu-
laria (2). Microcystins and nodularin are potent inhibitors of
eukaryotic protein phosphatases type 1 and 2A (7, 8). In addition
to these peptide toxins, cyanobacteria have been found to produce
a wide variety of linear (e.g., aeruginosins and microginins) and
cyclic peptides (e.g., anabaenopeptins, nostopeptolides, and
anabaenopeptilides), which may not be acutely toxic but have other
bioactivities, such as serine protease inhibition (9, 10).

Most small cyanobacterial peptides contain unusual, nonprotei-
nogenic amino acids and are synthesized by nonribosomal enzyme
complexes (11–13). The enzyme complex responsible for micro-
cystin biosynthesis is encoded by the microcystin synthetase gene
cluster. It spans �55 kb and includes genes for peptide synthetases,
polyketide synthases, mixed peptide synthetase and polyketide
synthases, and tailoring enzymes (14–16). Insertional inactivation
of a microcystin synthetase gene abolished the production of
microcystin (17). All genera with microcystin-producing strains also
contain related strains that lack the ability to produce this toxin. It
is now thought that the difference between microcystin-producing

(toxic) and nonproducing (nontoxic) strains of cyanobacteria lies
primarily in the presence or absence of microcystin synthetase gene
cluster (14, 18).

Horizontal gene transfer is now widely acknowledged as an
important force shaping the genome structure of bacteria.
Recent lateral gene transfer or a series of gene losses both have
been proposed to explain the sporadic distribution of toxic
strains of Microcystis (19–22). This hypothesis remains uncor-
roborated by phylogenetic analyses to date. It is not clear how
distantly related genera of cyanobacteria gained the ability to
produce microcystins. However, the presence of similar second-
ary metabolites in distantly related groups of organisms is usually
attributed to horizontal gene transfer or convergent evolution.
Therefore, the possibility that the microcystin synthetase genes
in the different genera are ancient and related to one another
through common descent is of particular interest.

Nodularins are produced solely by strains of the genus Nodu-
laria (2). Similarities in the chemical structures (Fig. 1) and
biological action of microcystins and nodularins indicate that
these compounds are closely related (2). The exact relationship
between nodularins and microcystins is ambiguous (23), and it is
not clear whether the structural similarity between nodularins
and microcystins is reflected at the genetic level. However, a
similar biosynthetic pathway is anticipated to produce both
peptides based on these structural similarities (23). Recently, it
has been suggested that microcystin synthetase genes are derived
from nodularin synthetase genes (16).

The construction and comparison of phylogenetic trees are
perhaps the best ways to assess the contribution of horizontal gene
transfer to the evolutionary history of a gene family (24). Incon-
gruence is taken to indicate a role for horizontal gene transfer,
whereas congruence is consistent with descent through common
ancestry. Therefore, to resolve the relationship between microcys-
tin and nodularin synthetase genes and the role of horizontal gene
transfer in the evolutionary history of these two compounds, we
undertook a molecular phylogenetic study. We compared two data
sets comprised of genes involved in primary metabolism and genes
involved directly in the synthesis of microcystins and nodularins.
These sequences were analyzed and tested for congruence.

Materials and Methods
Taxon Sampling. We obtained strains representative of known
producers of microcystins and nodularins available in public
culture collections. Genomic DNA was extracted from 36 strains
of the filamentous heterocystous genera Anabaena, Nodularia,
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and Nostoc, the filamentous genus Planktothrix, and the unicel-
lular genus Microcystis (Table 1, which is published as supporting
information on the PNAS web site). Just two strains of the genus
Nostoc are known to produce microcystins (25, 26), one of which
was available for this study.

Amplification and Sequencing. To study the evolution of this
biosynthetic system in cyanobacteria we chose three regions of
the microcystin synthetase (mcy) gene cluster. A fragment of
291–297 bp from the mcyA gene was amplified with mcyA-Cd 1R
(5�-aaaagtgttttattagcggctcat-3�) and mcyA-Cd 1F (5�-aaaatta-
aaagccgtatcaaa-3�) primers (27). This part of the mcyA gene
encodes part of the condensation domain, which catalyzes a
condensation reaction to form a peptide bond between the
growing peptide and D-alanine. An 818-bp region of the mcyD
gene was amplified with mcyDF (5�-gatccgattgaattagaaag-3�)
and mcyDR (5�-gtattccccaagattgcc-3�) primers. This fragment of
the mcyD gene encodes parts of both the �-ketoacyl synthase and
the acyltransferase domains. An 809-to 812-bp region of the
mcyE gene was amplified with the mcyE-F2 (5�-gaaatttgtgta-
gaaggtgc-3�) and mcyE-R4 (5�-aattctaaagcccaaagacg-3�) prim-
ers. The mcyE gene fragment codes for a partial adenylation
domain and a phosphopantetheine-binding site, the region,
which activates glutamic acid.

To investigate the role of horizontal gene transfer in the
evolution of the microcystin biosynthetic gene cluster, we am-
plified and sequenced the 16S rRNA and rpoC1 genes. The

rpoC1 gene fragment of 731 bp was amplified with degenerate
primers RF (5�-tgggghgaaagnacaytncctaa-3�) and RR (5�-
gcaaancgtccnccatcyaaytgba-3�). PCRs for mcyD, mcyE, and
rpoC1 were performed in a 20-�l final volume containing 1 �l
of DNA, 1� DynaZyme II PCR buffer, 250 �M of each
deoxynucleotide, 0.5 �M of both PCR primers, and 0.5 unit of
DynaZyme II DNA polymerase (Finnzymes, Espoo, Finland).
The following protocol was used: 95°C, 3 min; 30� (94°C, 30 sec;
56°C, 30 sec; 72°C, 1 min); and 72°C, 10 min. The mcyE PCR
products of Nodularia sp. strains were cloned with the TOPO TA
cloning kit (Invitrogen) according to the manufacturer’s instruc-
tions. A region containing the 16S rRNA gene and the internal
transcribed spacer 1 was amplified by using primers and condi-
tions as described (28) from strains for which the 16S rRNA
sequence data were not available.

The mcyD and mcyE gene products were sequenced directly
with primers used for amplification except for the cloned mcyE
sequences of Nodularia sp. strains, which were sequenced with
primers anchored in the pCR2.1-TOPO vector, M13F (�20) and
M13R. At least three clones of the mcyE PCR product were
sequenced from each strain of Nodularia to identify potential
errors introduced by nucleotide misincorporation by the Dy-
naZyme II enzyme. The rpoC1 gene products were sequenced
with the amplification primers and two additional internal
sequencing primers RintF (5�-gatatgcccctgcgggatgt-3�) and
RintR (5�-acatcccgcaggggcatatc-3�). The 16S rRNA region of
the amplified PCR products was sequenced directly by using sets
of internal primers (29). Sequencing of the mcyD, mcyE, and 16S
rRNA genes was performed by Genome Express (Meylan,
France). The rpoC1 products were sequenced with Applied
Biosystems PRISM 310 Genetic Analyzer. The mcyA sequences
were assembled as described by Hisbergues et al. (27). The
chromatograms of mcyD, mcyE, rpoC1, and 16S rRNA gene
sequences were checked and edited with the CHROMAS 2.2
program (Technelysium Pty, Tewantin, Australia). Contig as-
sembly and alignment of the sequences were performed with
BIOEDIT SEQUENCE ALIGNMENT EDITOR (30).

Sequence Divergence. We calculated the number of nonsynonymous
substitutions per nonsynonymous site (KA) and the number of
synonymous substitutions per synonymous site (KS) by using MEGA
2.1 (31). A KA�KS ratio �1 indicates positive selection for advan-
tageous mutations, whereas a KA�KS ratio �1 indicates purifying
selection to prevent the spread of detrimental mutations (32).

Phylogenetic Analyses. Phylogenetic analyses were conducted by
using PAUP* (33). We investigated competing hypotheses on the
sporadic distribution of microcystin synthetase genes and the
evolutionary relationship between nodularins and microcystins by
reconstructing the evolutionary history of microcystin and nodu-
larin synthetase genes. A 1,799-bp data set comprised of two
peptide synthetase genes and one polyketide synthetase gene was
assembled. The aligned data sets were based on sequences with the
following lengths: mcyA, 250 bp; mcyD, 780 bp; and mcyE, 769 bp.
These sequences were combined with the sequence available from
Microcystis aeruginosa PCC 7806 (15) and Planktothrix agardhii
NIVA-CYA 126�8 (16). Primer sequences and ambiguous regions
of the alignments were excluded.

Outgroups for the mcyA, mcyE, and mcyD gene fragments
were obtained by identifying homologues in BLAST searches
(Table 2, which is published as supporting information on the
PNAS web site). A �2 test was performed to test for base
frequency compositional bias. Outgroup sequences, which
passed the �2 test, belonged to the nostopeptolide gene cluster
from Nostoc sp. GSV224 (34), the anabaenopeptilide gene
cluster from Anabaena sp. 90 (35), and putative polyketide
synthase and peptide synthetase gene clusters from the complete
genomes of Nostoc punctiforme PCC 73102 (www.jgi.doe.gov)

Fig. 1. Comparison of the chemical structures of microcystins and nodularins
and the hypothetical events leading to nodularin synthetase gene cluster. (A)
The general structure of microcystins and nodularin. Microcystin is a cyclic
peptide containing seven amino acids, D-Ala-X-D-MeAsp-Z-Adda-D-Glu-Mdha,
where X and Z represent variable L-amino acids, D-Me-Asp is D-erythro-�-
methylaspartic acid, Mdha is N-methyldehydroalanine, and Adda is �-amino
acid 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid.
Nodularin differs from microcystins by lacking the amino acids D-Ala and X and
having N-methyldehydrobutyrine (Mdhb) in place of Mdha. The dashed line
indicates the two amino acids absent in nodularins. (B) A schematic diagram
illustrating the peptide synthetase region (mcyA-mcyC) of Anabaena and the
proposed organization of the homologous region of the gene cluster for
nodularin biosynthesis in Nodularia if evolved by a mutation changing the
substrate specificity of the first module of mcyA and the deletion of the last
module of mcyA and the first module of mcyB (see text).
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and Nostoc sp. PCC 7120 (36). Only conserved and reliably
aligned sequence regions from the outgroup sequences were
used to minimize potential phylogenetic reconstruction artifacts
derived from the use of distant outgroups (37). Concordance of
the genes used to construct the data sets was evaluated with the
conservative partition homogeneity test (38) implemented with
PAUP* (33). We used random taxon addition (10 replicates), tree
bisection-reconnection branch-swapping, and heuristic searches
with 1,000 repartitions of the data. The partition homogeneity
test indicated that these three genes could be combined (P �
0.119). The data from all three genes were concatenated to
increase the amount of information available in phylogenetic
analyses.

To investigate the role of horizontal gene transfer in the distri-
bution of microcystin synthetase genes among cyanobacteria we
assembled a 2,186-bp data set comprised of 16S rRNA (1,455 bp)
and rpoC1 (731 bp) sequences from the same set of taxa. These
genes are conserved and widely used as tools for phylogenetic
classification. The 16S rRNA and rpoC1 gene sequences of the early
branching cyanobacteria Gloeobacter violaceus PCC 7421 and Ther-
mosynechococcus elongatus BP-1 were used as outgroups. No
incongruence between the 16S rRNA and rpoC1 topologies could
be found in the partition homogeneity test (38), so the data from
these two genes were combined (P � 0.9980). Phylogenetic trees
were inferred by using minimum-evolution, maximum-parsimony,
and maximum-likelihood optimization criteria. To test the stability
of monophyletic groups 2,000 bootstrap replicates were analyzed. In
distance analyses, the minimum-evolution method using LogDet
distances (39) with 10 heuristic searches, random addition-
sequence starting trees, and tree bisection and reconnection branch
arrangements was used. Maximum-likelihood and maximum-
parsimony analyses were performed with the same heuristic search
procedure as minimum evolution. However, in maximum likeli-
hood, bootstrap analyses were performed without the 10 random
sequence addition replicates. The GTR model of DNA substitution
with a � distribution of rates and constant sites removed in
proportion to base frequencies was used in maximum-likelihood
analyses.

To illustrate the sporadic distribution of microcystin and nodu-
larin-producing cyanobacteria, we constructed a maximum-
likelihood tree based on the 16S rRNA gene sequences from
55 cyanobacterial strains and three outgroup species. The distribu-
tion of known microcystin and nodularin producers was mapped to
this tree. The bootstrap support for the monophyly of the lineages
containing known microcystin and nodularin producers was as-
sessed by using maximum parsimony and minimum evolution.

Templeton’s test (40) was used to compare alternative phyloge-
netic hypothesis concerning the relative positions of nodularin and

microcystin synthetase genes (16). Templeton’s test was done in
PAUP* by using the conservative two-tailed Wilcoxon rank sum test.

Results
We analyzed the 16S rRNA and rpoC1 data set and the
microcystin synthetase gene data set separately with distance,
maximum-parsimony, and maximum-likelihood optimization
criteria. The maximum-likelihood topologies generated from
each data set were perfectly congruent (Fig. 2). This finding was
also true of analyses performed separately with the mcyA (26
taxa), mcyD (18 taxa), and mcyE (30 taxa) genes in both rooted
and unrooted analysis (data not shown). Bootstrap analyses were
conducted to measure the stability of the observed phylogenetic
patterns and revealed two well-supported topologies (Fig. 2).
The conservative parsimony-based partition homogeneity test
(38) found no support for incongruence between these two data
sets (P � 1.000). The sequence divergence between the taxa
included in this analysis from the 16S rRNA gene and rpoC1 data
set and the microcystin synthetase gene data set were compa-
rable (data not shown). Sequence divergences in the microcystin
synthetase gene data set were much higher than expected in an
evolutionary scenario, favoring recent horizontal gene transfer
as a mechanism to explain the sporadic distribution of micro-
cystin producers among cyanobacteria. To determine whether
the microcystin synthetase genes are under positive or negative
selection pressure, we compared the number of nonsynonymous
substitutions per nonsynonymous site (KA) to the number of
synonymous substitutions per synonymous site (KS). The KA�KS
ratio was well below 1 in pairwise comparisons from represen-
tative strains of each genus. A low KA�KS ratio is indicative of
purifying selection in which deleterious mutations affecting the
protein sequence are selected against and is consistent with an
ancient origin of the microcystin synthetase genes.

Our data also resolve the relationship between nodularin and
microcystin synthetase genes. The topological congruence we
observe suggests that nodularin synthetase genes are derived
from microcystin synthetase genes (Fig. 2). Rearranging the
ingroup topology to make the nodularin and microcystin syn-
thetase genes reciprocally monophyletic resulted in significantly
worse trees with the Templeton test (P � 0.02). This finding
suggests that nodularin synthetase genes are derived from mi-
crocystin synthetase genes (Fig. 2).

The 16S rRNA gene was used to reconstruct the distribution of
known microcystin and nodularin producers and revealed a robust
maximum-likelihood tree (Fig. 3 and Table 3, which is published as
supporting information on the PNAS web site). Known micro-
cystin- and nodularin-producing taxa fell into a clade containing the
majority of living cyanobacteria including representatives from all

Fig. 2. Congruence between the 16S rRNA and rpoC1 data set and the microcystin synthetase gene data set. (A) A maximum-likelihood tree based on the 16S
rRNA and rpoC1 data set (�lnL � 8004.26493). (B) A maximum-likelihood tree based on the mcyA, mcyD, and mcyE data set (�lnL � 8781.50660). In both trees,
branch lengths are proportional to sequence change. Minimum-evolution, maximum-parsimony, and maximum-likelihood bootstrap values from 2,000
bootstrap replicates are at the nodes. Outgroup taxa used in the construction of these trees are not shown.
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five orders of cyanobacteria and some of the more speciose lineages
of cyanobacteria. Bootstrap support for this clade was high in
distance but low in parsimony analyses (Fig. 3).

Discussion
The high degree of congruence between the microcystin syn-
thetase gene data set and the 16S rRNA and rpoC1 data set and
comparable levels of sequence divergence between the two data
sets are consistent with an ancient origin of microcystins. This
finding indicates that the phylogenetic marker genes and the
microcystin synthetase genes have coevolved for the entire
evolutionary history of this toxin. Our results show that micro-
cystin synthetase genes were present in the last common ancestor
of a large number of cyanobacteria. Therefore, the sporadic
distribution of microcystin synthetase genes in modern cya-

nobacteria suggests that the ability to produce the toxin has been
lost repeatedly in the more derived lineages of cyanobacteria. On
the other hand, strains of cyanobacteria not previously suspected
of producing microcystins may retain the genes necessary for
their synthesis. Because microcystins and nodularins are highly
toxic to humans and pose a serious health risk to water users,
more taxa should be carefully checked for the presence of these
toxins. This would be particularly important for strains of genera
like Spirulina, Arthrospira, and Aphanizomenon that are com-
monly used in health food supplements (41).

It is possible that the congruence we observed is a phylogenetic
artifact. Unexpectedly high levels of sequence divergence could be
caused by accelerated evolution with positive selection pressure
promoting amino acid divergence (42). However, low levels of
nonsynonymous substitutions suggest that this is not the case.

Fig. 3. A maximum-likelihood tree based on the 16S rRNA gene illustrating the sporadic distribution of cyanobacterial genera known to produce microcystins
(�lnL � 17594.65327). Strains of the genera Planktothrix, Microcystis, Anabaena, and Nostoc produce microcystins (■ ), whereas strains of the genus Nodularia
produce nodularins (F). All strains in the lineage of cyanobacteria, which originally possessed microcystin synthetase genes, are contained within a light gray
box. Support for this clade is given as follows: minimum evolution with LogDet distances, minimum evolution with maximum-likelihood distances, and
maximum-parsimony bootstrap values. Outgroup taxa used in the construction of this tree are not shown.
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Phylogenetic artifacts are also known to result from the use of
distant outgroups, long-branch attraction, heterogeneous base
composition, and site-specific rate variation (37). However, in this
study midpoint rooting also resulted in congruent trees in distance,
maximum parsimony, and maximum likelihood. Congruence be-
tween maximum parsimony and methods thought to be more robust
to long-branch attraction such as distance and maximum likelihood
suggests that long-branch attraction does not play a role in the
observed topologies (Fig. 2). The results of the LogDet method,
which addresses potential concerns with heterogeneity of base
composition (37), agree with results for maximum likelihood and
maximum parsimony (Fig. 2). Maximum-likelihood analyses ac-
counted for site-specific rate variation with a � distribution of rates
and resulted in a tree that was congruent with the trees generated
from distance and maximum-parsimony methods (Fig. 2). Limited
taxon sampling may play a role in the congruence we observe. The
same topology we have found (Fig. 2.) is found in 16S rRNA trees
with larger taxon sampling. However, we have sampled all available
producers of microcystins and nodularins, but confirmation of this
will have to await the discovery of additional genera capable of
making microcystins.

Previous studies have suggested that horizontal gene transfer
may play a role in the distribution of hepatotoxic strains within the
genus Microcystis (19–22). However, there is no clear experimental
evidence, which favors horizontal gene transfer over gene loss as a
mechanism to explain the sporadic distribution of toxin-producing
strains in the genus Microcystis. Our results suggest that the micro-
cystin synthetase genes were originally present and that nontoxic
strains of Microcystis have lost the ability to produce microcystins.
Our results also indicate that microcystin biosynthesis is a very
ancient secondary metabolic pathway and that there is no lateral
transfer of mcy gene clusters between the genera. However, they do
not rule out the possibility that parts of the microcystin synthetase
gene cluster are of more recent origin and might be laterally
transferred between strains within a genus. Indeed, the existence of
many microcystin variants could imply a rapid evolution of certain
gene domains. Recombination between mcyC and the first module
of mcyB is thought to contribute to at least some of the variation
observed in peptide structure in strains of the genus Microcystis
(22). However, our results imply that the microcystin synthetase
genes themselves are ancient and, therefore, it is likely that the
recombination event is relatively recent.

Our study showed that nodularin synthetase genes clustered
closely with microcystin synthetase genes of other filamentous
heterocystous cyanobacteria (Anabaena and Nostoc) (Fig. 2). It is
anticipated here that nodularin synthetase genes were formed from
the ancestral microcystin synthetase gene set, through a relatively
recent deletion of the two peptide synthetase modules that catalyze
the incorporation of D-Ala and X into microcystin (the last mcyA
module and the first mcyB module) and by mutation changing the
substrate specificity coded by the first module of mcyA (Fig. 1B).
There are �65 reported structural variants of microcystins (2). Our
study suggests that nodularins can be regarded as the most extreme
structural variants of microcystins. This recent origin of nodularins
from microcystins proposed here is consistent with the production
of nodularins by a single cyanobacterial genus and the limited
structural variation of nodularins in comparison to microcystins (2).

Microcystins are one of the few known natural examples of
combined polyketide synthase and peptide synthetase systems (15).
The rapamycin (43), bleomycin (44), yersiniabactin (45), and my-
cobactin (46) biosynthetic gene clusters are known to contain both
polyketide synthase and peptide synthetase modules. More re-
cently, a small group of hybrid biosynthetic gene clusters have been
identified, in which polyketide synthase and peptide synthetase
modules exist within the same ORF. These hybrid systems occur in
the mycosubtilin (47), myxothiazol (48), iturin A (49), and micro-
cystin synthetases (15). Little is known about the evolution of these
true hybrid polyketide�peptide synthetases. Studies have suggested
that the ketosynthase domain in mixed polyketide and peptide
synthetase genes have a separate evolutionary origin to type I
polyketide synthases (50, 51). However, it is unclear whether the
combination of these two systems is of recent origin. Congruence
between the polyketide synthase and peptide synthetase portions
of the mcy gene cluster and the 16S rRNA and rpoC1 data set
demonstrates that the combination of these two systems is an
ancient collaboration in the production of microcystins.

The function of nodularins and microcystins is currently unre-
solved. Microcystins are widely believed to have evolved in response
to grazing pressure by zooplankton (52). Metazoans such as cope-
pods and cladocerans are often envisaged as the target organisms
of microcystins (52). Molecular clocks set a divergence time of 1,576
million years ago for the crown eukaryotic lineages (53). However,
the oldest fossils of filamentous akinete-forming cyanobacteria are
dated to 1,500 million to 2,000 million years ago (54, 55). There is
controversy whether such microfossils, in particular the oldest
known fossils, are truly representatives of modern cyanobacteria
(56). However, these fossils of akinete-forming cyanobacteria sug-
gest that the Anabaena, Nostoc, and Nodularia genera and thus, the
common ancestor of microcystin-producing cyanobacteria, are at
least this old and that microcystin production may predate the
metazoan lineage. Thus, microcystins and nodularins may have
evolved to serve other functions such as siderophoric scavenging of
trace metals (57) or signaling and gene regulation (58). In the
context of function, it remains puzzling why closely related strains
may differ with respect to their ability to produce microcystins and
nodularins. A possible explanation may arise from the fact that
strains that do not harbor genes for the biosynthesis of microcystins
or nodularins in their genomes do contain genes for the synthesis
of other nonribosomal peptides. These other peptides may serve the
same or at least similar functions as microcystins and nodularins,
respectively. Any model that attempts to explain why cyanobacteria
make these peptides must now account for the age of the toxin
synthetase genes. We anticipate here that the high levels of se-
quence divergence between microcystins synthetase genes from the
distantly related genera of microcystin-producing cyanobacteria
will allow novel approaches to the molecular ecology of bloom-
forming cyanobacteria and may provide answers to the long-
standing debate over the role of microcystins and nodularins.
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