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Abstract The paralytic shellfish poisoning (PSP) toxins,

saxitoxin, and its derivatives, are produced by a complex

and unique biosynthetic pathway. It involves reactions that

are rare in other metabolic pathways, however, distantly

related organisms, such as dinoflagellates and cyanobac-

teria, produce these toxins by an identical pathway.

Speculative explanations for the unusual phylogenetic

distribution of this metabolic pathway have been proposed,

including a polyphyletic origin, the involvement of sym-

biotic bacteria, and horizontal gene transfer. This study

describes for the first time the identity of one gene, sxt1,

that is involved in the biosynthesis of saxitoxin in cyano-

bacteria. It encoded an O-carbamoyltransferase (OCTASE)

that was proposed to carbamoylate the hydroxymethyl side

chain of saxitoxin precursor. Orthologues of sxt1 were

exclusively present in PSP-toxic strains of cyanobacteria

and had a high sequence similarity to each other. L. wollei

had a naturally mutated sxt1 gene that encoded an inactive

enzyme, and was incapable of producing carbamoylated

PSP-toxin analogues, supporting the proposed function of

Sxt1. Phylogenetic analysis revealed that OCATSE genes

were present exclusively in prokaryotic organisms and

were characterized by a high rate of horizontal gene

transfer. OCTASE has most likely evolved from an

ancestral O-sialoglycoprotein endopeptidase from proteo-

bacteria, whereas the most likely phylogenetic origin of

sxt1 was an ancestral a-proteobacterium. The phylogeny of

sxt1 suggested that the entire set of genes required for

saxitoxin biosynthesis may spread by horizontal gene

transfer.
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Introduction

Paralytic shellfish poisoning (PSP) is a life-threatening

affliction that results from the consumption of water or

seafood that is contaminated by saxitoxin and its analogues

(Kao and Levinson 1986). These toxins are among the most

potent algal toxins and considered a serious toxicological

health risk that may affect humans, animals, and ecosys-

tems worldwide (Kaas and Henriksen 2000; Pereira et al.

2000). They act by blocking voltage-gated sodium chan-

nels (Kao and Levinson 1986), which prevents the

transduction of neuronal signals, and thus cause muscular

paralysis. In addition, they modulate voltage-gated calcium

and potassium channels of heart muscle cells, resulting in a

depression of the cardiac output (Su et al. 2004; Wang

et al. 2003).

Saxitoxin is the parent compound of more than 30 nat-

urally occurring analogues. It provides a tricyclic

perhydropurine core with an O-carbamoylated methyl side

chain. The biosynthesis of PSP toxins is complex and

unique (Fig. 1), and involves biochemical reactions that are

rare in other metabolic pathways. They include a Claisen

condensation of an amino acid to a carboxylic acid,
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amidino transfer, unconventional heterocyclization, and O-

carbamoylation (Shimizu 1993). Despite their unique bio-

synthesis, these toxins are produced in organisms that span

two kingdoms of life. By far the most notorious producers

of PSP toxins are certain species of marine dinoflagellates,

the causative organisms of ‘red tides’ (Hallegraeff 1995). It

has also been firmly established that certain species of

freshwater cyanobacteria produce these toxins (Sivonen

1996). In addition, there are cases where PSP toxins have

been detected in organisms, where dinoflagellates and

cyanobacteria were unlikely sources for these toxins. These

cases included freshwater and marine species of puffer fish

(Nakashima et al. 2004; Sato et al. 1997; Zaman et al.

1997), the amphibian, Atelopus zetekii (Yotsu-Yamashita

et al. 2004), the red algae, Jania sp. (Kotaki et al. 1983;

Oshima et al. 1984), and bacteria isolated from dinofla-

gellate cells (Gallacher et al. 1997; Kodoma et al. 1988).

The unique biosynthesis of these metabolites, combined

with their unusual phylogenetic distribution, makes PSP

toxins intriguing metabolites. The phylogenetic origin of

their biosynthetic genes, whether symbiotic bacteria may

play a role in the production of these toxins in dinoflag-

ellates (Gallacher et al. 1997; Kodoma et al. 1990), and

whether saxitoxin biosynthesis genes may spread via hor-

izontal gene transfer (Daly 2004; Plumley 2001) have been

much debated. So far, the identity of genes involved in the

biosynthesis of PSP toxins has been elusive, despite

intensive research efforts (Hackett et al. 2005; Pomati

et al. 2004; Pomati et al. 2006; Pomati and Neilan 2004).

In this study, we describe the identity and phylogeny of a

saxitoxin biosynthesis gene, sxtI, that was identified in PSP

toxin-producing cyanobacteria. This gene encoded an

O-carbamoyltransferase (OCTASE), which was related to

enzymes that are involved in the production of nodulation

factors (Jabbouri et al. 1998) and antibiotics (Coque et al.

1995). The assigned function of SxtI is to transfer a

carbamoyl group from carbamoyl phosphate to the

hydroxymethyl side chain of saxitoxin precursor (Kell-

mann and Neilan 2007). It is thus one of the key enzymes

in saxitoxin biosynthesis, and was used to examine the

possible evolution of this metabolic pathway.

Materials and Methods

Organisms, Culture Conditions, and DNA Extraction

Cyanobacterial strains (Table 1) were grown in Jaworski

medium (Thompson et al. 1988) at 26�C under continuous

illumination (10 lmol m-2 s-1). Total genomic DNA was

extracted from cyanobacterial cells by lysozyme/SDS/

proteinase K lysis following phenol-chloroform extraction

as described previously (Neilan 1995). DNA in the super-

natant was precipitated with 0.6 vol isopropanol, washed

with 70% ethanol, dissolved in TE buffer (10:1), and stored

at -20�C.

PCR Amplification and Sequencing

PCR primers that were used in this study are listed in

Table 2. The degenerate PCR primers NOD-F and NOD-R

were designed using cyanobacterial OCTASE gene

sequences from the NCBI nucleotide sequence database

(Fig. 2). They targeted the most conserved regions in

OCTASE and were used to detect members of this gene

family in PSP-toxic cyanobacteria.
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Fig. 1 Biosynthesis pathway of saxitoxin (Shimizu 1993). SAM, S-adenosylmethionine
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A standard PCR was performed in 20-ll reaction vol-

umes containing 1 9 Taq polymerase buffer, 2.5 mM

MgCl2, 0.2 mM deoxynucleotide triphosphates, 10 pmol

forward and reverse primers, between 10 and 100 ng

genomic DNA, and 0.2 U Taq polymerase (Fischer Bio-

tech, Perth, Australia). Thermal cycling was performed in a

Table 1 Strains of

cyanobacteria and

dinoflagellates screened for the

presence of O-carbamoyl-

transferase genes

Note: PSP, paralytic shellfish

toxins; CYLN,

cylindrospermopsin
a (-) None detected; (?)

present

Strain Toxicity NOD-PCRa Reference Accession no.

Anabaena circinalis

AWQC118C PSP ? This work EU439560

AWQC131C PSP ? This work EU439557

AWQC134C PSP ? This work EU439561

AWQC150E PSP ? This work EU439563

AWQC323A PSP ? This work EU439562

AWQC173A PSP ? Kellmann et al. (2008) EU439564

AWQC271C – -

AWQC283A PSP ? This work EU439565

AWQC306A – -

AWQC310F – ? This work

AWQC342D – -

Aphanizomenon flos-aquaea NH-5 PSP ? EU439559

Aphanizomenon ovalisporum APH028A CYLN -

Cylindrospermopsis raciborskii

05E

CYLN - This work

23B CYLN -

23D CYLN - This work

24C CYLN - This work

GOON CYLN -

GERM1 – -

GERM2 – - This work

HUNG1 – -

MARAU1 – -

SDC CYLN - This work

T3 PSP ? EU439556

VOLL1 – - This work

VOLL2 – - This work

Umezakia natans TAC101 CYLN - This work

Lyngbya wollei (Farlow) PSP ? Onodera et al. (1997) EU439558

Table 2 PCR primers used in

amplification and sequencing of

16S rDNA OCTASE genes

Note: The length of PCR

products and the 50-binding sites

are given in parentheses
a From this study
b From Neilan et al. (1997)

Primer Amino acid motif Sequence

OCTASEa (1063 bp)

NOD-F (50-622)

NOD-R (50-1663)

MGLAPYG

NTSFNVRG

50-ATGGGHYTRGCHCCHTAYGG

50-CCBCGYACR TTRAAKGABGTRTT

Sxt1a (1669 bp)

Sxt1-F (50-22)

AYYHDSAA 50-GCTTACTACCACGATAGTGCTGCCG

Sxt1-R (50-1672) FNVRGEP 50-GGTTCGCCGCGGACATTAAA

16S rDNAb (1367 bp)

27F1 (50-27)

1494Rc (50-1494)

50- AGAGTTTGATCCTGGCTCAG

50- TACGCGCTACCTTGTTACGAC

Adapter-directed

MpF

50-CCCAGTCACGACGTTGTAAAACG

MpR 50-AGCGGATAACAATTTCACACAGG
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GeneAmp PCR System 2400 Thermocycler (Perkin Elmer

Corp., Norwalk, CT, USA). Cycling began with a dena-

turing step at 94�C for 3 min, followed by 30 cycles of

denaturing at 94�C for 10 s, primer annealing at between

45� and 65�C for 20 s, and DNA strand extension at 72�C

for 1 min. Amplification was completed by a final exten-

sion step at 72�C for 7 min. DNA was separated by agarose

gel electrophoresis in TAE buffer (40 mM Tris-acetate,

1 mM EDTA, pH 7.8) and visualized by UV translumi-

nation after staining in ethidium bromide (0.5 lg/ml). PCR

products were ligated into the pGEM-Teasy vector (Pro-

mega Catalog No. A1360), and a clone library was

prepared in Escherichia coli DH5a according to the man-

ufacturer’s instructions. Colony PCR, using the vector-

directed MpF and MpR primers, was then used for the

amplification and sequencing of inserts. Batches of four

clones were sequenced until no new sequences were

obtained. A colony PCR consisted of a standard PCR

reaction as described above, with the exception that a tiny

amount of colony, containing the plasmid with an insert,

was used as the template.

Automated DNA sequencing was performed using the

PRISM Big Dye cycle sequencing system and a model 373

sequencer (Applied Biosystems Inc., Foster City, CA,

USA). Sequence data were analyzed using ABI Prism-

Autoassembler software, and percentage similarity and

identity to other translated sequences determined using

BLAST in conjunction with the National Center for Bio-

technology Information (NIH, Bethesda, MD, USA). Upon

sequencing of the entire sxt1 gene by adapter-mediated

PCR, as described below, a nondegenerate PCR primer

pair, Sxt1-F/Sxt1-R (Table 2), was designed to specifically

amplify sxt1 orthologues. Sequences obtained in this study

were submitted to the NCBI database. Accession numbers

were EU439556 to EU439565 for sxt1 sequences and

EU439566 and EU439568 for 16S rDNA sequences.

Adapter-Mediated PCR (Panhandle PCR)

The sequence of unknown regions that were flanking

candidate genes was determined by an adapter-mediated

PCR method (Siebert et al. 1995) that was modified as

described by Moffitt and Neilan (2004). Short adapter

DNA was ligated to digested genomic DNA, and a specific

genomic outward-facing primer was then used with an

adapter primer to amplify a region of the genome. Twenty

picomoles of T7 adapter was added to each reaction mix-

ture, containing 1 lg of genomic DNA, 10 U of blunt-

ended restriction enzyme, and 5 U of T4 ligase (Promega)

in 1 9 One Phor All buffer (Amersham/Pharmacia). The

one-step digestion and ligation reaction mixture was

incubated at room temperature overnight.

The single-stranded end of the adapter was blocked in a

solution containing 1 9 PCR buffer (Fischer Biotech),

4 mM MgCl2, and 12.5 lM ddNTP with 1 U Taq DNA

polymerase (Fischer Biotech). Thermal cycling was per-

formed in a PCR Sprint temperature cycling system

machine (Hybaid Ltd.) with an initial step at 70�C for

15 min, followed by 10 cycles of DNA denaturation at

95�C for 10 s, DNA reannealing at 40�C for 1 min, and

extension of the strand with ddNTP at 70�C for 1 min.

Following PCR cycles, the reaction mixture was incubated

with 1 U of shrimp alkaline phosphatase (Boehringer

Mannheim, Göttingen, Germany) at 37�C for 20 min, and

the enzyme was heat-inactivated at 85�C for 5 min.

The flanking region PCR mixture contained 1 to 2 ll of

adapter-ligated DNA, 10 pmol of adapter primer, and

10 pmol of a genome-specific oligonucleotide primer. PCR

cycling was performed as described above, with DNA

strand extension at 72�C for 5 min. The primer annealing

temperature was decreased by 1�C at each cycle, from 65o

to 55�C, followed by primer annealing at 55�C for a further

25 cycles.

Fig. 2 Alignment of two

conserved regions in the

nucleotide sequence of

cyanobacterial O-carbamoyl-

transferase genes. The translated

consensus and primer sequences

are shown
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Phylogenetic Analysis

Multiple sequence alignments of 16S rDNA and OCTASE

protein sequences were prepared using Clustalw and the

IUB DNA and Gonnet 250 protein weight matrix, respec-

tively (Thompson et al. 1997). Multiple sequence alignment

of OCTASE genes was based on the corresponding protein

sequence alignment, using the EMBOSS tools, transeq and

tranalign (Rice et al. 2000). Sequence alignments were

manually confirmed. All alignments were bootstrapped with

1000 resampling events. Phylogenetic trees were recon-

structed from a pairwise distance matrix (Jukes and Cantor

1969) using the neighbor-joining method (Saitou and Nei

1987). Phylogenetic trees and sequence alignments were

reproduced using the software NJPlot (Perrière and Gouy

1996) and TeXshade (Beitz 2000),respectively. In addition

to the neighbor-joining method, the phylogenies of

OCATSE and 16S rRNA genes were determined by the

maximum likelihood method, using the Phylip software

package (Felsenstein 1989). Alignments were bootstrapped

with 100 resampling events using SEQBOOT, and phylog-

enies were inferred by maximum likelihood using DNAML.

A consensus tree was constructed using CONSENSE.

Because the topologies of maximum likelihood and neigh-

bor-joining trees were not significantly different, only

neighbor-joining trees are shown.

Results

Identification of an O-Carbamoyltransferase Gene in

PSP-Toxic Cyanobacteria

The biosynthetic pathway of saxitoxin (Shimizu 1993) and

biochemical studies (Kellmann and Neilan 2007) have

suggested that an OCTASE may be involved in saxitoxin

biosynthesis, where it transfers a carbamoyl group to the

hydroxymethyl side chain of saxitoxin precursor (Table 3).

Table 3 Function of biochemically characterized O-carbamoyltransferases

Enzyme &

accession no.

Organism Pathway Substrate Reference SIM (%)

Sxt1

EU439556

Cylindrospermopsis raciborskii Saxitoxin STX 5-C-OH side chain Kellmann et al. (2008) 100

NolO

P55474

Rhizobium sp. Nodulation factors Sugar 3-O ring carbon Jabbouri et al. (1998) 35/53

Asm21

AAM54099

Actinosynnema pretiosum Ansamitocin PKS 7-O ring carbon Yu et al. (2002) 33/49

GdmD

AAO06921

Streptomyces hygroscopicus Geldanamycin PKS 7-O ring carbon Rascher et al. (2005) 33/50

HbmN

AY947889

Streptomyces hygroscopicus Herbimycin PKS 7-O ring carbon Rascher et al. (2005) 33/50

NovN

AAF67507

Streptomyces caeruleus Novobiocin Sugar 3-O ring carbon Steffensky et al. (2000) 34/50

MmcS

AAD32743

Streptomyces lavendulae Mitomycin C PKS 9-C-OH side chain Mao et al. (1999) 35/51

TacA

CAE22473

Streptomyces tenebrarius Tobramycin PKS 6-C-OH side chain Kharel et al. (2004) 33/49

BlmD

AAG02370

Streptomyces verticillus Bleomycin Sugar 3-O ring carbon Du et al. (2000) 29/45

ORF7

AAZ94398

Streptomyces neyagawaensis Concanamycin A Sugar 4-O ring carbon Haydock et al. (2005) 36/51

GerL

ABB52538

Streptomyces sp. Dihydrochalcomycin Unknown Unpublished 54/70

NodU

CAA62004

Rhizobium sp. Nodulation factors Sugar 6-C-OH side chain Jabbouri et al. (1995) 27/42

CmcH

CAA79798

Amycolatopsis lactamdurans Cephamycin b-Lactam 7-C-OH side chain Coque et al. (1995) 28/42

AAC32493 Streptomyces clavuligerus 27/42

Note: GlcNAc, N-acetyl glucosamine; SIM, amino acid sequence similarity in terms of percentage sequence identity/similarity to Sxt1

530 J Mol Evol (2008) 67:526–538

123



A pair of degenerate PCR primers, NOD-F/NOD-R, was

designed that targeted two sequence blocks that are highly

conserved in OCTASE genes (Fig. 2). A PCR product of

the expected size (*1 kb) was obtained using the NOD-F/

NOD-R primer pair and genomic DNA from the PSP-toxic

strains Anabaena circinalis AWQC131C, Aphanizomenon

flos-aquae NH-5, Cylindrospermopsis raciborskii T3, and

Lyngbya wollei (Farlow) as a template. Sequencing of

cloned PCR products, in conjunction with BLAST

searching, demonstrated that each PCR product consisted

of a single sequence with homology to OCTASE. A PSI-

BLAST search with Sxt1 from C. raciborskii T3 yielded

269 homologous hits from the database. Of these, six

sequences were from archaea, and three sequences from

bacteriophages, however, the overwhelming majority of

sequences were found in eubacteria. The majority of

eubacterial sequences (170) were from proteobacteria, in

particular, from a-proteobacteria (60 sequences). The most

similar BLAST hit (70.6% to 71.2% identities) was a

hypothetical OCTASE from Trichodesmium erythraeum

(accession no. ZP_00673599). The amplified gene was

designated sxt1, and its complete sequence was obtained

from all four PSP-toxic species by adapter-mediated PCR.

The sxt1 genes from A. circinalis AWQC131C, Aph. flos-

aquae NH-5, and C. raciborskii T3 were 1839 bp in length,

and had between 90.4% and 97.4% nucleotide sequence

identity to each other. The sxt1 gene from L. wollei was

only 1071 bp long. Its first 912 bp had 92.9% identity to

sxt1 from C. raciborskii T3, bp 913 to 1059 and bp 1177 to

1189 (C. raciborksii T3 numbering) were deleted, and the

30-end was truncated after bp 1227.

A sxt1-specific primer pair (Sxt1-F/Sxt1-R) was

designed to PCR-screen 10 PSP-toxic and 18 non-PSP-

toxic strains of A. circinalis, Aph. flos-aquae, C. racibor-

skii, and L. wollei. A PCR product of the expected size

(1669 bp) was obtained, using genomic DNA from PSP-

toxic strains of A.circinalis, Aph. flos-aquae, C. raciborskii,

and L. wollei as a template. In contrast, a PCR product was

not obtained, when genomic DNA from non-PSP-toxic

strains was used as a template Table 1. The sxt1 gene was

thus present in all PSP-toxic strains, whereas it was absent

from all tested non-PSP-toxic strains. The nucleotide

sequence identities between partial sxt1 genes (956 bp)

from A. circinalis strains were at least 99.8%.

The phylogeny of sxt1 and other cyanobacterial OC-

TASE genes was compared to the corresponding 16S

rRNA gene phylogeny (Fig. 3a and b). Sixty-four strains of

cyanobacteria have a completely sequenced genome,

however, OCTASE genes were represented in only 11

strains: 2 Oscillatoriales, 4 Chroococcales, and 5 Prochlo-

rales members. In addition, the Prochlorococcus phage P-

SSM2 had two OCTASE genes in its genome. The function

of any of these genes was not known.

sxt1 sequences grouped into a single cluster that was

separated from other sequences. It was divided into two

branches, one containing sequences from A. circinalis and

Aph. flos-aquae, and the other containing sequences from

C. raciborskii and L. wollei (Fig. 3). OCTASE genes from

other cyanobacteria and cyanophage P-SSM2 were more

divergent from each other than sxt1 sequences.

The 16S rDNA phylogeny divided cyanobacteria into

four main groups according to their taxonomy, with the

exception of Synechococcus sp. RCC307 (Fig. 3b). Group

1 consisted of Nostocales members, such as Anabaena,

Aphanizomenon, Umezakia, and Cylindrospermopsis.

Group 2 contained all members related to Oscillatoriales,

such as Lyngbya and Trichodesmium, whereas group 3

consisted of the Chroococcales members Cyanothece,

Chrocosphaera, and Synechocystis. Group 4 consisted of

Prochlorales strains of Prochlorococcus marinus, as well as

Synechococcus sp. RCC307. The latter strains has been

classified as a Chroococcales member, based on morphol-

ogy, however, the genus Synechococcus is known to be

heterogeneous (Honda et al. 1999) and includes strains that

have to be reclassified.

The phylogenies of cyanobacterial OCTASE and 16S

rRNA genes were not congruent. The most apparent

incongruence was the grouping of sxt1 from L. wollei and

C. raciborskii T3 (Fig. 3a), whereas their 16S rRNA genes

were located on separate branches (Fig. 3b). The 16S

rRNA gene phylogeny divided A. circinalis into two dis-

tinct branches (Fig. 3b), as described previously (Beltran

and Neilan 2000), however, sxt1 genes from all PSP-toxic

A. circinalis were placed in a single group (Fig. 3a). Pro-

chlorococcus strains and Synechococcus sp. RCC307 were

closely related according to their 16S rDNA phylogeny,

however, the OCTASE genes from Prochlorococcus

marinus MED4 and MIT9303, as well as from Synecho-

coccus sp. RCC307, were highly divergent from each other

and all other sequences (Fig. 3a). Two OCTASE genes

from the P. marinus phage P-SSM2 were only distantly

related to cyanobacterial OCTASEs, and formed an

outgroup.

Structure and Function of Sxt1

Unfortunately, methods for the genetic manipulation of

PSP-toxin producing organisms are lacking, and sxt1 could

not be functionally characterized by site-directed muta-

genesis. Bioinformatic tools were therefore applied to infer

the function of sxt1, which was strongly supported by the

natural sxt1 null mutant of L. wollei. sxt1 from A. circinalis

AWQC131C, Aph. flos-aquae NH-5, and C. raciborskii T3

encoded a product that was 612 amino acid residues long,

however, sxt1 from L. wollei, which had deletions and was

truncated at its 30-end, encoded a product of only 356
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amino acid residues. Sxt1 from A. circinalis AWQC131C,

Aph. flos-aquae NH-5, and C. raciborskii T3 had at least

90.5% identical and 95.4% similar amino acid residues,

respectively, whereas Sxt1 from L. wollei had at least

89.5% identical and 95.1% similar amino acid residues,

respectively, over the first 304 residues.

Iterated PSI-Blast searching revealed that OCTASEs,

such as Sxt1, were related to O-sialoglycoprotein endo-

peptidase (OSGP; EC 3.4.24.57). Structural homology

searching (FUGUE v2.s.07) detected significant structural

relatedness of C. raciborskii T3 Sxt1 to OSGP from

Pyrococcus abyssi (2IVNA; Z-score, 13.99). A structural

alignment of Sxt1 and other OCTASEs to 2IVNA revealed

that the zinc- and ATP-binding sites of OSGP (Aravind and

Koonin 1999) were conserved in OCTASE (Fig. 4). The C-

terminus of OCTASEs extended beyond that of OSGPs

(Fig. 4) and provided two highly conserved sequence

blocks, E-x-G-P-R-[AS]-L-[CG]-x-R-S-[ILV]-[FILV]-x(2)-

[APS] and H-x-D-x-[ST]-[ACGSTV]-R-[AILPV]-Q-x-[ILV].

These motifs were signature sequences of the OCTASE

family (IPB003696B, IPB003696D), according to a

BLOCKS search (Henikoff et al. 2000), and may be part

of the catalytic site. Sxt1 from L. wollei lacked the two

OCTASE signature sequences, due to the C-terminal

truncation, and it had a deletion in its ATP-binding site

(Fig. 4). It was therefore presumed that L. wollei Sxt1 was

Fig. 3 Phylogenetic affiliations

of partial O-carbamoyltransferase

(a) and 16S rRNA genes

(b) from cyanobacteria. The

phenograms were reconstructed

from a pairwise distance matrix

(Jukes and Cantor 1969) using

the neighbor-joining method

(Saitou and Nei 1987). PSP-

toxic strains are indicated by

boldface. The scale represents

the number of substitutions per

100 nucleotides. Bootstrap

values (1000 resampling

cycles) [500 are shown and

represent the statistical

significance at each node
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nonfunctional. L. wollei was unable to produce carba-

moylated analogues of saxitoxin (Onodera et al. 1997).

The observed phenotype combined with the presumed null

mutation of sxt1 is therefore consistent with the predicted

function of Sxt1 in saxitoxin biosynthesis.

Discussion

Saxitoxin has an O-linked carbamoyl group at its side

chain, which is rare in nature, however, O-carbamoyl

groups are known from certain bacterial secondary

metabolites, such as antibiotics (Coque et al. 1996) and

nodulation factors (Jabbouri et al. 1995, 1998). In all cases

that have been investigated, O-carbamoyl groups are

formed via a carbamoyl transfer from carbamoyl phosphate

to a hydroxylated carbon in the recipient molecule (Coque

et al. 1996). These reactions are invariably catalyzed by a

member of the OCTASE family, which includes NolO,

NodU, and CmcH. A previous study (Kellmann and Neilan

2007), where supplementation with carbamoylphosphate

stimulated saxitoxin production in vitro, suggested that an

OCTASE was involved in the biosynthesis of saxitoxin.

In this study, an OCTASE gene, sxt1, was identified by

PCR in PSP-toxic strains of cyanobacteria. Ten PSP-toxic

and 18 non-PSP-toxic strains of cyanobacteria were

Fig. 3 continued
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Fig. 4 Structural sequence alignment of O-sialoglycoprotein endopeptidase and O-carbamoyltransferase to the crystal structure of Pyrococcus
abyssii O-sialoglycoprotein endopeptidase (2IVNA)
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PCR-screened for the presence of sxt1. The sxt1 gene was

present in all PSP-toxic strains and absent from all non-

PSP-toxic strains. Among the tested strains were closely

related strains of A. circinalis (7 PSP-toxic, 4 non-PSP-

toxic) and C. raciborskii (1 PSP-toxic, 12 non-PSP-toxic),

as well as more distantly related PSP-toxic (L. wollei and

Aph. flos-aquae) and non-PSP-toxic cyanobacteria (Aph.

ovalisporum and U. natans). sxt1 homologues had high

(C90%) nucleotide sequence identities, and grouped on a

single phylogenetic branch that was separated from other

cyanobacterial OCTASEs, indicating that sxt1 genes were

orthologous. The majority of PSP-toxic cyanobacteria were

members of the order Nostocales, however, OCTASE

genes were not previously known from any Nostocales

member that had a sequenced genome. The fact that an

involvement of OCTASE in saxitoxin biosynthesis has

been predicted, combined with the correlation between PSP

toxicity of closely and distantly related cyanobacteria

strains and the presence of sxt1 in their genomes, is strong

support for an involvement of sxt1 in PSP-toxin

biosynthesis.

Structure and Function of Sxt1

Little is known regarding the structure and function of

OCTASE. Iterated PSI-BLAST searching and a structural

homology search (FUGUE) revealed relatedness of Sxt1 to

O-sialoglycoprotein endopeptidase (OSGP). The latter

enzyme family is represented in all organisms whose

genomes have been sequenced so far and, where tested,

were essential for cell survival (Aravind and Koonin 1999).

A structural alignment of Sxt1 and selected OCTASEs to

the known crystal structure of P. abyssii OSGP (2IVNA)

revealed that the zinc- and ATP-binding sites were con-

served in Sxt1. Biochemical studies demonstrated that

CmcH required ATP for enzyme activity (Brewer et al.

1980), whereas the zinc-binding site in NolO was essential

for the activity of this enzyme (Madinabeitia et al. 2002).

Sxt1 and other OCTASEs had a C-terminus that extended

beyond that of OSGP, which provided two highly con-

served sequence regions. A BLOCKS search (Henikoff

et al. 2000) identified these two regions as signature

sequences for OCTASE (IPB003696B, IPB003696D).

They are likely part of the catalytic site in OCTASEs. Sxt1

from L. wollei was approximately half the size of other

Sxt1 orthologues, due to a deletion in its ATP-binding site,

and a truncated C-terminus that provided the two OCTASE

signature sequences (Fig. 4). This enzyme is therefore, in

all likelihood, nonfunctional, and represented a natural

knockout mutant of sxt1. The lack of capability of L. wollei

to produce any carbamoylated analogues of saxitoxin

(Onodera et al. 1997) therefore confirmed strong support

for the predicted function of Sxt1 in saxitoxin biosynthesis.

Phylogeny and Evolution of Sxt1

OCTASE genes were represented in the genomes of eu-

bacteria, archaea, and two bacteriophages (P-SSM2 and

X15), however, they were absent from eukaryotic gen-

omes. The largest number of OCTASE genes was found in

proteobacteria (170 of a total of 269), whereas only six and

three sequences were detected in the genomes of archaea

and bacteriophages, respectively. OCTASE is thus a true

prokaryotic gene family. Deduced gene products had

structural and sequence homology to OSGP, which is

represented in the genomes of every sequenced organism

and essential for cell survival. OSGP is therefore most

likely ancestral to OCTASE, which may have evolved from

an ancestral prokaryotic OSGP. The fact that the greatest

diversity of OCTASE genes was found in proteobacteria

may indicate that this gene family has its phylogenetic

origin in this division of bacteria.

It has been generally accepted that horizontal gene

transfer is a major driving force in the evolution of bac-

terial genomes (Gogarten and Townsend 2005). The

variable phylogenetic presence of OCTASE genes, com-

bined with a phylogeny that is incongruent with the

organismic phylogeny, is a strong indicator that this gene

family has an evolutionary history with frequent horizontal

gene transfers (Lerat et al. 2005). This is supported by the

fact that OCTASE genes are often encoded on mobile

genetic elements, such as plasmids, and in viral genomes.

Only a small proportion of cyanobacterial strains (11

strains of 64) that have a completely sequenced genome

harbored OCTASE genes. They were limited to strains

from the orders Chroococcales, Prochlorales, and Oscilla-

toriales, whereas sxt1 was the first OCTASE gene that has

been detected among Nostocales members. The phylogeny

of Sxt1 and other cyanobacterial OCTASE genes was

incongruent with the organismic phylogeny, as determined

by 16S rDNA (Fig. 3a and b), and suggested that there may

have been several horizontal OCTASE gene transfers

among cyanobacterial species. OCTASE genes from two

Oscillatoriales, T. erythraeum and Lyngbya sp. PCC 8106,

grouped with sequences from two Chroococcales, C.

watsonii and Cyanothece sp. CCY0110. Thus there may

have been genetic exchange between strains of the

Chroococcales and Oscillatoriales. On the other hand, the

separation of the OCTASE gene from Synechococcus sp.

RCC307 (Prochlorales according to 16S rDNA phylogeny)

from other sequences may indicate that this strain has

acquired the gene in an independent event (Fig. 3a). The

phylogeny of sxt1 may suggest that this gene has spread to

cyanobacterial phyla, which previously did not include any

PSP-toxic member. PSP-toxic cyanobacteria identified so

far belong to the Nostocales, apart from one member of the

Oscillatoriales, L. wollei (Fig. 3b). sxt1 from L. wollei
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grouped, however, with an orthologue from C. raciborksii

T3 (Fig. 3a). It is therefore likely that L. wollei may have

acquired sxt1 from a Nostocales member. A. circinalis has

evolved into two phylotypes, one consisting predominantly

of PSP-toxic strains, and the other of non-PSP-toxic strains,

apart from one strain, A. circinalis AWQC134C (Beltran

and Neilan 2000). sxt1 did not resolve according to the

phylotype, suggesting that it has been acquired in A. cir-

cinalis AWQC134C after it speciated into its phylotype. In

the case of both L. wollei and A. circinalis AWQC134C,

sxt1 may have moved by horizontal gene transfer to strains

from phylogenetic groups that otherwise did not include

any PSP-toxic members. The biosynthesis of PSP toxins

may require 12 or more different genes (Kellmann and

Neilan 2007), and this study suggests that all genes

required for their synthesis may spread by horizontal gene

transfer. Considering the prokaryotic origin sxt1, which

represents a key saxitoxin biosynthesis gene, it is reason-

able to assume that PSP-toxin biosynthesis has evolved in a

prokaryotic organism and subsequently spread via hori-

zontal gene transfer to other organisms. It was not clear

from the present study whether PSP-toxin biosynthesis may

have evolved in ancestral cyanobacteria after sxt1 was

acquired, or whether cyanobacteria have acquired the

entire metabolic pathway from a noncyanobacterial source.

If PSP-toxin biosynthesis is carried out by orthologous

enzymes in dinoflagellates, then they must have acquired

the required genes from a bacterial source. Sequencing of

the entire gene clusters from PSP-toxic cyanobacteria and

screening of EST libraries from PSP-toxic dinoflagellates

with sxt1-specific probes are under way to determine the

evolution of this intriguing metabolic pathway.

Conclusion

A gene that was designated sxt1 has been identified, which

is involved in the biosynthesis of PSP toxins. It encoded an

enzyme that is related to OCTASE. Several lines of evi-

dence were presented that supported the proposed function

of the sxt1 gene product. The involvement of OCTASE in

saxitoxin biosynthesis has been predicted previously, based

on precursor incorporation studies and biochemical assays.

sxt1 was exclusively detected in PSP-toxic strains of cya-

nobacteria, whereas it was not present in closely related,

non-PSP-toxic strains. sxt1 genes had high sequence sim-

ilarity to each other, and clustered on a phylogenetic

branch that was divergent from OCTASE genes of other

organisms, indicating that they represented orthologous

genes. A natural knockout mutant of sxt1 was identified

in L. wollei, which had a deleted ATP-binding site and

truncated C-terminus. This species produced only decar-

bamoylated analogues of saxitoxin, which strongly

supported the proposed function of Sxt1. The OCTASE

gene family may have evolved in ancestral proteobacteria

by gene duplication of a member of OSGP and subse-

quently spread through multiple horizontal gene transfer

events to a diverse range of prokaryotes, including cya-

nobacteria. Cyanobacterial OCTASE genes were derived

from multiple lineages and may have been acquired during

independent horizontal gene transfer events. The most

likely phylogenetic origin of sxt1 orthologues was proteo-

bacteria. This study thus suggests that a key PSP-toxin

biosynthesis gene may have evolved in a prokaryotic

organism and subsequently spread via horizontal gene

transfer to cyanobacteria.
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