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Cyanobactins are small cyclic peptides produced by cyanobacteria. Here we demonstrate the widespread but
sporadic occurrence of the cyanobactin biosynthetic pathway. We detected a cyanobactin biosynthetic gene in
48 of the 132 strains included in this study. Our results suggest that cyanobactin biosynthetic genes have a
complex evolutionary history in cyanobacteria punctuated by a series of ancient horizontal gene transfer

events.

Cyanobacteria are a prolific source of natural products and
toxins (3, 21). Cyanobacterial secondary metabolites possess
versatile structures and novel bioactivities and are increasingly
of interest to the pharmacological industry (3, 27). Cya-
nobactins are low-molecular-weight cyclic peptides, which
can contain heterocyclized or prenylated amino acids (7).
Cyanobactins include compounds with antitumor and mul-
tidrug reversing activities with potential as drug leads (9, 17,
19). These bacteriocin-like peptides are produced by cyanobac-
teria isolated from soil (1, 2, 17) as well as marine (19, 20, 22)
and freshwater (10, 11, 25) environments. Cyanobactins are
produced through the proteolytic cleavage and macrocycliza-
tion of short precursor proteins (7, 20, 22). The peptide pre-
cursor undergoes heterocyclization of threonines, serines, or
cysteines during the maturation of the cyclic peptide (7). A
cyanobactin biosynthetic pathway has been described for pa-
tellamides (6, 20), trichamide (22), microcyclamide (28),
tenuecyclamide, and patellins (7). Here we designed oligonu-
cleotide primers to detect a single-domain cyanobactin subtili-
sin-like protease from different cyanobacteria and screened
132 cyanobacterial strains by PCR. We report the widespread
occurrence and evolutionary history of this cyanobactin gene in
cyanobacteria.

We selected a diverse set of cyanobacteria, representing all
major taxonomic divisions (see the supplemental material).
Cultures were grown in modified Z8 medium (13) at a contin-
uous illumination of 5 to 15 wmol m 2 s~ ! at 20 to 25°C for 10
to 35 days. Cyanobacterial cells were harvested from cultures
by filtration with 1- or 5-wm-pore-size polycarbonate filters
(GE Osmonics Labstore). High-molecular-weight DNA was
extracted using the cetyltrimethylammonium bromide method
(12) and purified using a GeneClean Turbo kit (Q-biogene).

We aligned cyanobactin protease gene sequences from dif-
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ferent cyanobacteria in order to identify conserved and specific
priming sites. The two different cyanobactin proteases from the
same cyanobacteria had sequence identities of only 27 to 57%
at the nucleotide level. We designed the cysF (5-AACCCAT
AGACTTTAGYAACTGGGG-3) and cysR (5-AGGAGAAG
ACCAAGAACGRACTTCG-3) oligonucleotide primers to
specifically amplify a 1,400-bp portion of the cyanobactin syn-
thetase gene encoding the single-domain cyanobactin protease
from different cyanobacteria (Fig. 1). PCR was carried out in
1x DyNAzyme II enzyme buffer (Finnzymes) with 200 uM of
each deoxynucleotide triphosphate (Finnzymes), 0.75 pM of
each primer, 0.4 U of DyNAzyme II DNA polymerase
(Finnzymes), and 100 ng of template DNA in a final volume of
30 pl. The PCR was performed with an initial denaturation at
94°C for 3 min; 35 cycles of denaturation at 94°C for 30 s,
annealing at 52°C for 30 s, elongation at 72°C for 90 s, and the
final elongation step at 72°C for 10 min. The PCR was carried
out twice to confirm the results. The quality of the DNA was
assessed by amplifying a portion of the 16S rRNA gene using
the cyanobacterium-specific primers CYA359F and CYA781Ra/
CYAT781b (16). We amplified the complete 16S rRNA gene
using the primers pA (8) and B23S’ (15). Cyanobactin syn-
thetase gene sequences were completed with sets of internal
primers (see the supplemental material). The 16S rRNA
genes were sequenced with the internal primers 16S544R,
16S1092R, and 16S979F (18). Chromatograms were corrected
manually using the software program Chromas 2 (Technely-
sium Pty.). Contig assembly and alignments were constructed
using the BioEdit sequence alignment editor.

Phylogenetic analyses were performed by using the PAUP*
software program (23). Phylogenetic trees were constructed
using the minimum-evolution and maximum-likelihood op-
timization criteria, and bootstrap analyses were carried out
to measure the stability of the phylogenetic trees. We ana-
lyzed 1,000 bootstrap replicates to test the stability of mono-
phyletic groups. In distance analyses, the minimum-evolu-
tion method using maximum-likelihood distances with 10
heuristic searches, random addition starting trees, and tree
bisection and reconnection branch arrangements was used.
Maximum-likelihood analyses were performed with the
same heuristic search procedure as for minimum evolution.
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FIG. 1. Cyanobactin synthetase gene clusters in cyanobacteria. (a) The conserved cyanobactin protease genes, which can be detected using the
primers designed in this work, are shaded. The peptide product of the gene cluster is presented in parentheses under the producer organism. (b)
The primers cysF and cysR are aligned with cyanobactin synthetase gene sequences from seven cyanobacteria: Prochloron didemni (patA
[AY986476]), Trichodesmium erythraeum IMS101 (triH [CP000393]), Lyngbya aestuarii CCY9616 (lynA [AAVU01000047]), Anabaena sp. 90
(unpublished), Nodularia spumigena CCY9414 (AAVWO01000072.1), Microcystis aeruginosa NIES298 (mcaA [AM774406]), and Nostoc spongiae-

forme subsp. tenue (tenA [EU290741]).

The general time-reversible model of DNA substitution with
a gamma distribution of rates and constant sites removed in
proportion to base frequencies was used in maximum-like-
lihood analyses. Base frequencies and a rate matrix were
estimated from the data. Templeton’s test (24) was used to
compare alternative phylogenetic hypotheses concerning
the inheritance of cyanobactin synthetase genes. Temple-
ton’s test was done in PAUP* (23) by using the conservative
two-tailed Wilcoxon rank sum test.

In this study, we screened 132 taxonomically and morpho-
logically diverse cyanobacterial strains and identified the
cyanobactin synthetase gene in 48 strains of unicellular,
filamentous, and heterocyst-differentiating cyanobacteria
(see the supplemental material). Cyanobacteria carrying the
cyanobactin synthetase gene included strains of the genera
Microcystis, Anabaena, Aphanizomenon, Nodularia, Oscilla-
toria, Nostoc, Planktothrix, Snowella, and Tolypothrix (Fig. 2)
(see the supplemental material). The cyanobactin syn-
thetase genes were present in a clade that contains most of
the living cyanobacteria (Fig. 2). The cyanobactin synthetase
genes appeared to be especially common in planktonic,
bloom-forming cyanobacteria (Fig. 2). A recent bioinfor-
matic study demonstrates that bacteriocin-like biosynthetic
gene clusters are common across the whole prokaryotic lin-
eage (14). Our results suggest that the ability to produce
low-molecular-weight cyanobactins is widespread in cya-
nobacteria.

Phylogenetic trees constructed from the cyanobactin syn-
thetase and 16S rRNA genes from 25 cyanobacteria were

incongruent (Fig. 3). The topology of each tree received
robust bootstrap support (Fig. 3). Sequence divergences in
the cyanobactin synthetase gene data set were higher than
those observed in the 16S rRNA gene data set (Fig. 3).
Constraining the topology of the phylogenetic tree con-
structed from the cyanobactin synthetase gene to reflect the
16S rRNA gene tree topology resulted in significantly worse
trees with Templeton’s test (P < 0.0001). Our results sug-
gest that the ability to produce cyanobactins has been trans-
ferred from one cyanobacterium to another. However, the
phylogenetic incongruence detected is likely to be a result of
ancient horizontal transfers of the cyanobactin biosynthetic
genes since the sequence divergence of the cyanobactin syn-
thetase genes was high (Fig. 3).

Low-molecular-weight cyclic peptides containing hetero-
cyclized residues have been reported for a diverse selection
of cyanobacteria (26). Heterocyclization and oxidation of
serine, threonine, or cysteine can be performed on a nonri-
bosomal peptide synthetase by cyclization and oxidation
modules as in barbamide (4) and curacin (5) biosynthesis.
However, the posttranslational modification of precursor
peptides in cyanobactin biosynthesis represents an alterna-
tive means of incorporating heterocyclized residues in low-
molecular-weight peptides (6, 7, 20, 22, 28). The presence of
cyanobactin synthetase genes in many cyanobacteria sug-
gests that this is an important means of producing such
cyclic peptides containing heterocyclized residues in addi-
tion to nonribosomal peptide biosynthesis.

Cyanobactins are a valuable source of new bioactive com-
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FIG. 2. The sporadic distribution of cyanobactin synthetase genes in cyanobacteria. The phylogenetic tree is based on 71 16S rRNA gene
sequences from strains analyzed in this study. The strains containing the cyanobactin synthetase genes are indicated on a gray background. The
likelihood of each tree is expressed as the log likelihood (InL). The maximum-likelihood tree (—InL = 16083.13615) is based on 1,400 bp of the
16S rRNA gene sequence. Branch lengths are proportional to sequence change. Minimum-evolution and maximum-parsimony bootstrap values
from 1,000 bootstrap replicates above 50 are given above and below the nodes. Outgroup taxa used to root the tree are not shown.



856 LEIKOSKI ET AL.

Cyanobactin synthetase
Anabaena flos-aquae CYA 83/1

APPL. ENVIRON. MICROBIOL.

Anabaena lemmermannii 202A2/41

Anab. sp. 90

Aphanizomenon flos-aquae TR183 —_—

16S rRNA
Anab flos-aquae CYA 83/1
Anab lemmermannii 202A2/41
Anab sp. 90

Aphan flos-aquae TR183
Anal planctonica 1TU33S10

Anabaena planctonica 1TU33S10

Nodularia spumi; BY1
Nodularia spumi; GR8b

Nodularia sy BYI

Nodularia spumigena GR8b

Nodularia spumigena CCY 9414
AV

Nodularia

Nodularia spumigena AV 1
Planktothrix thii 49
91 Planktothrix thii 2
Planktothrix agardhii CYA 126/8
100, 100 Planktothrix sp. 28

100 Snowella litoralis 0TU37S04
Snowella litoralis 0TU35807

J[— Oscillatoria sancta PCC 7515
Trichodesmit

100 | Microcystis aeruginosa NIES 298
is aeruginosa NIES101
stis sp. 130
Lyngbya aestuarii PCC 7419
97 Lyngbya aestuarii CCY 9616
Oscillatoria sp. 327/2
Tolypothrix sp. 328

)

erythraeum IMS101

100

Prochloron
0.1 substitutions/site

Vi

Tolypothrix sp. 328

Prochloron sp.
Snowella litoralis 0TU37S04| 100 71
Snowella litoralis 0TU35S07 35
icrocystis aeruginosa NIES 298 ¢
Microcystis aeruginosa NIES101/150
Microcystis sp. 130
Oscillatoria sp. 327/2

Oscillatoria sancta PCC 7515
Trichodesmium erythraeum IMS101

Lyngbya aestuarii PCC 7419,100
Lyngbya aestuarii CCY 9616

Planktothrix agardhii 49
e [in
Planktothrix agardhii CYA 126/8 }J
Planktothrix sp. 28

0.1 substitutions/site

FIG. 3. Phylogenetic incongruence between cyanobactin synthetase and 16S rRNA gene sequences. Maximum-likelihood trees are based on
cyanobactin synthetase sequences and 16S rRNA gene sequences, respectively. The sequences used in the cyanobactin synthetase gene and 16S
rRNA data sets were 1,300 bp and 1,400 bp, respectively. Branch lengths are proportional to sequence change. The substitution rates are in
different scales in the trees. Minimum-evolution bootstrap values from 1,000 bootstrap replicates are at the nodes if the value is more than 70 and
if the nodes were congruent with the nodes of the maximum-likelihood tree. Both of the trees are rooted at the midpoint.

pounds with potential as drug leads (7). The primers designed
in this study provide a new strategy for the identification of
novel producers of cyanobactins.
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