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Although diverse natural products have been isolated from the benthic, filamentous cyanobacterium Lyngbya 
majuscula, it is unclear whether this chemical variation can be used to establish taxonomic relationships among 
disparate collections. We compared morphological characteristics, secondary-metabolite compositions, and par- 
tial 16S ribosomal DNA (rDNA) sequences among several collections of L. majuscula Gomont, Lyngbya spp., and 
Symploca spp. from Guam and the Republic of Palau. The morphological characteristics examined were cell 
length, cell width, and the presence or absence of a calyptra. Secondary metabolites were analyzed by two- 
dimensional thin-layer chromatography. Each collection possessed a distinct cellular morphology that readily 
distinguished Lyngbya spp. from Symploca spp. Each collection yielded a unique chemotype, but common 
chemical characteristics were shared among four collections of L. majuscula. A phylogeny based on secondary- 
metabolite composition supported the reciprocal monophyly of Lyngbya and Symploca but yielded a basal 
polytomy for Lyngbya. Pairwise sequence divergence among species ranged from 10 to 14% across 605 bp of 16S 
rDNA, while collections of L. majuscula showed 0 to 1.3% divergence. Although the phylogeny of 16S rDNA 
sequences strongly supported the reciprocal monophyly of Lyngbya and Symploca as well as the monophyly of 
Lyngbya bouillonii and L. majuscula, genetic divergence was not correlated with chemical and morphological 
differences. These data suggest that 16S rDNA sequence analyses do not predict chemical variability among 
Lyngbya species. Other mechanisms, including higher rates of evolution for biosynthetic genes, horizontal gene 
transfer, and interactions between different genotypes and environmental conditions, may play important roles 
in generating qualitative and quantitative chemical variation within and among Lyngbya species. 

The benthic, filamentous cyanobacterium Lyngbya majus- 

cula Gomont is distributed throughout the tropics in reef and 
lagoonal habitats (18, 61, 62), often forming dense mats that 
carpet benthic substrates. L. majuscula can compete with mac- 
roalgae (59) and is unpalatable to fish, crabs, urchins, and 
other macroherbivores (43, 50, 57). However, specialized me- 
soherbivores, such as the sea hare Stylocheilus striatus, may 
preferentially consume L. majuscula (8, 41, 51). Secondary 
metabolites produced by L. majuscula are responsible for both 
the deterrence of feeding by macroherbivores and the stimu- 
lation of feeding by mesoherbivores (41, 51, 57). 

Over 100 novel secondary metabolites have been isolated 
from collections of L. majuscula. Although these collections 
have been globally distributed, there is little evidence that any 
given types of secondary metabolites are associated with spe- 
cific geographic regions (10). Indeed, collections within limited 
geographic areas are often extremely diverse. On Guam, 
L. majuscula collections have yielded indanone metabolites 
(45), lyngbyastatins (16, 27, 64), malyngamides (4, 5, 38), ma- 
lyngolide (7), majusculamides (35), pitiamide (42), and piti- 
peptolides (25). These compounds have been implicated in 
cases of swimmer's itch, human poisonings, and fish kills and 
are of interest to pharmaceutical and biochemical researchers 
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due to their selective cytotoxicity (6, 39, 40, 44). Collections of 
the filamentous cyanobacterium Symploca hydnoides (Harvey) 

Ktitzing on Guam have yielded additional cytotoxic com- 
pounds, including symplostatins (14, 15). 

Traditional taxonomy within the cyanobacterial family Os- 

cillatoriaceae is largely based on morphological measurements, 
including cell length and cell width, of axenic cultures (9, 65). 

However, many cyanobacteria cannot be grown on artificial 
media or undergo morphological changes when grown under 

different culture conditions (23, 46, 65). Advances in molecular 
systematics have yielded cyanobacterial phytogenies based on 
several genes, with 16S ribosomal DNA (rDNA), nifH, and 

phycocyanin sequences being the most prevalent (1, 33, 47, 48, 
49, 67, 68). These phytogenies have revealed inconsistencies in 

the morphological classification of several cyanobacterial taxa. 
For example, although Oscillatoria and Microcoleus are tradi- 

tionally described as morphologically distinct genera, differ- 
ences in morphology are not reflected in analyses of their 16S 
rDNA (66, 67). Gugger et al. (11, 12) reported that cyanobac- 

teria in the genera Anabaena and Aphanizomenon appear mor- 
phologically distinct but show a high degree of similarity in 16S 

rDNA (11, 33) and ribulose-l,5-bisphosphate carboxylase/ox- 
ygenase sequences (11) and have similar cellular fatty acid 
profiles (12). 

The diverse secondary metabolites produced by L. majus- 

cula may provide chemotaxonomic markers that are correlated 

with both morphological and genetic variations. Most studies 
of cyanobacterial chemotaxonomy have focused on primary 
metabolites and include studies of cellular fatty acid composi- 

tion (12, 20, 22), carotenoids (17, 67), and aromatic amino acid 
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biochemical pathways (13). Recent investigations have exam- 
ined variation in secondary-metabolite production, using DNA 
sequences to differentiate between toxin-producing and non- 
toxic strains of Anabaena, Aphanizomenon, and Microcystis (2, 
11, 21, 33). These studies have often found that the traditional 
morphological taxonomy of cyanobacteria is neither supported 
by phylogenetic analyses nor correlated with chemical variation. 

In this study, we compared morphological and chemical 
characteristics among several collections of L. majuscula, 
Lyngbya spp., and Symploca spp. from Guam and the Republic 
of Palau. We also amplified and sequenced 16S rDNA from 
these same collections. We examined the ability of morpho- 
logical and chemical characteristics to establish species rela- 
tionships among these taxa and compared these relationships 
to a phylogeny constructed from 16S rDNA sequences. 

MATERIALS AND METHODS 

Sample collection. Specimens of L. majuscula were collected from three lo- 
cations on Guam: Piti Bomb Holes, Cocos Lagoon, and Pago Bay. Three repli- 
cate specimens, separated by at least 5 m, were collected from each location. 
Other species of cyanobacteria were collected from long-term monitoring 
transects on Guam (58). These included Lyngbya sp. 1 aff. majuscula Gomont 
from Piti Bomb Holes (42), Lyngbya sp. 2 aff. semiplena (C. Agardh) J. Agardh 
from Tumon Bay (45), L. confervoides C. Agardh from Piti Bomb Holes, Lyngbya 
sp. 3 aff.polychroa (Meneghini) Rabenhorst from Double Reef, andL. bouillonii 
L. Hoffmann et V. Demoulin from Piti Bomb Holes. Specimens of S. hydnoides 
were collected from Pago Bay and Piti Bomb Holes. The Pago Bay collection 
formed small upright tufts on the reef flat and was epiphytic on forereef mac- 
roalgae, while the Piti Bomb Holes collection was found underneath soft corals 
(Sinularia spp.) in long, rope-like strands. Additional specimens were collected 
from several locations in the Republic of Palau, including Ulong Channel {Lyng- 
bya sp. 4 aff.polychroa andL. bouillonii), Mecherchar Cove (L. majuscula), and 
Short Drop-Off {Symploca sp. aff. hydnoides). When samples could not be pro- 
cessed immediately, they were stored in 80% ethanol. Voucher specimens are 
stored in 10% formalin at the University of Guam Marine Laboratory. 

Morphological characteristics. The cell lengths and cell widths of 10 filaments 
from each replicated sample were measured at X500 and X 1,250 magnifications. 
These two variables were used to generate a scatter plot of the mean values for 
each collection. The presence or absence of a calyptra on the terminal cells of 
filaments was also noted. Species names were assigned following the criteria of 
Desikachary (9), Hoffmann (18), and Littler and Littler (24). The identification 
of L. bouillonii was based on descriptions by Hoffmann and Demoulin (19). 

Chemical characteristics. Fresh collections of cyanobacteria were extracted in 
CH2Cl2-methanol (MeOH) (1:1, vol/vol). Solvents were removed by rotary evap- 
oration. Two-dimensional thin-layer chromatography (TLC) analyses followed 
the protocol of Nagle and Paul (43). Each crude extract was dissolved in CH2C12- 
MeOH (1:1, vol/vol) and applied to form a single spot in a corner of an alumi- 
num-backed silica gel TLC sheet (10 by 10 cm). The TLC sheets were developed 
in CH2Cl2-MeOH (9:1) and removed after the solvent front traveled 8 cm. The 
TLC sheets were dried and then placed into another solvent chamber (ethyl 
acetate-hexanes, 1:1) so that the developed extract was placed horizontally above 
the second solvent. The TLC sheets were removed after the second solvent front 
traveled 8 cm. After the sheets were dried, they were marked with brackets to 
indicate pigmented compounds. The sheets were placed in a UV (254-nm- 
wavelength) viewing cabinet, and locations of UV-fluorescing compounds were 
recorded on the sheets with circles. The sheets were coated with H2S04 in 
ethanol (1:19) and heated with a hot-air gun. Acid-charring compounds were 
marked on the sheets with arrows. Comparisons of TLC sheets among extracts 
allowed the presence or absence of particular compounds to be noted for each 
cyanobacterium. Pigments were not included in these analyses. 

16S rDNA sequencing. Genomic DNA was isolated from collections of cya- 
nobacteria by using a G-NOME DNA isolation kit (Bio 101), following the 
manufacturer's suggested protocol. PCR amplification with cyanobacterium-spe- 
cific primers followed the protocol of Nubel et al. (49), with forward prim- 
er CYA106F (5'-CGGACGGGTGAGTAACGCGTGA-3') and an equimolar 
mixture of CYA781Ra (5'-GACTACTGGGGTATCTAATCCCATT-3') and 
CYA781Rb (5'-GACTACAGGGGTATCTAATCCCTTT-3') as reverse prim- 
ers. Preliminary analyses of GenBank sequences indicated that this approxi- 
mately 660-bp region of 16S rDNA accounts for over half of the variable bases 

reported for Oscillatoriales. PCR products were cleaned with preparatory col- 
umns (Wizard PCR Preps; Promega) and then directly sequenced at a commer- 
cial facility (Davis Sequencing, Davis, Calif.). Sequences were aligned manually 
by using the Se-Al sequence alignment program (A. Rambaut, University of 
Oxford, Oxford, England). We included the sequence reported for Lyngbya 
strain PCC7419 (GenBank accession number AJ000714) (49) in our analyses as 
a reference. 

Phylogenetic analyses. All phylogenetic analyses were conducted using PAUP* 
[Phylogenetic Analysis Using Parsimony (*and other methods), version 4.0b3a, 
1999; D. L. Swofford, Sinauer, Sunderland, Mass.], For each sample, the pres- 
ence or absence of 21 chemical compounds was coded into a PAUP data matrix 
by using binary, unordered characters. A phylogeny based on these chemical data 
was constructed with a branch-and-bound search and a maximum parsimony 
optimality criterion. Support for this phylogeny was examined by using 1,000 
bootstrap replicates of the branch-and-bound search. 

Phylogenetic trees were constructed from DNA sequence data by using both 
maximum parsimony and maximum likelihood optimality criteria. The maximum 
parsimony tree was obtained through a heuristic search with 10 random stepwise 
addition sequences. Support for each node was evaluated with 500 bootstrap 
replicates of a fast heuristic search with a single random stepwise addition 
sequence for each replicate. Likelihood ratio tests comparing hierarchical mod- 
els of DNA substitution were evaluated by Modeltest (52). The maximum like- 
lihood tree was generated from the likelihood settings calculated by Modeltest in 
a heuristic search with 10 random stepwise addition sequences. Support for each 
node was evaluated with 100 bootstrap replicates of a heuristic search with 10 
random stepwise addition sequences for each replicate. 

RESULTS 

Morphological variation. Morphological characteristics clear- 
ly distinguished Lyngbya spp. from Symploca spp., as Lyng- 
bya specimens typically contained wider, shorter cells and Sym- 
ploca specimens contained narrower, longer cells (Fig. 1). The 
morphology of each species varied considerably among sam- 
pling locations, with a large amount of overlapping variation 
among the five species of Lyngbya (Fig. 1). Only L. semiplena 
possessed a calyptra at the end of each filament. Within L. ma- 
juscula, samples collected from Piti Bomb Holes had coarser 
filaments than samples collected from Cocos Lagoon and Pago 
Bay. The Cocos Lagoon samples had slightly shorter cells than 
samples from Piti Bomb Holes and Pago Bay. L. majuscula 
specimens from Palau had much narrower cells than specimens 
from Guam. 

Chemical variation. Each species also showed chemical vari- 
ation among locations, with a unique chemotype associated 
with each collection location. Some compounds were specific 
to certain genera (e.g., compound 7 was found in all Lyngbya 
spp. but not in Symploca spp.), while others were specific to 
certain collection locations (e.g., compound 15 was found only 
in L. majuscula from Piti Bomb Holes). Additional variation 
was found among samples of L. majuscula collected from Pago 
Bay and Cocos Lagoon, as individual samples contained 
unique combinations of compounds. Compounds that matched 
known standards included compound 6 (which matched ma- 
lyngamide A), compound 4 (malyngamide B), compound 5 (ma- 
jusculamides A and B), and compound 14 (lyngbyastatin 1). 

Genetic variation. An approximately 660-bp fragment was 
amplified from each collection. Sequences of these fragments 
have been deposited in GenBank under accession numbers 
AF510963 to AF510983. Of the 605 aligned positions, 131 were 
variable and 105 were parsimony informative. Base frequencies 
averaged 27.0% for A, 19.4% for T, 32.2% for G, and 21.4% 
for C, with a transition-to-transversion ratio of 1.15. The se- 
quence determined for S. hydnoides (Pago Bay) was identical 



VOL. 70, 2004 CHEMICAL AND GENETIC DIVERSITY OF LYNGBYA SPP.       3307 

DU- 

°°S 
50- 

?40- 
*•* • 

C
el

l W
id

th
 

o
   

   
   

   
  o

 

• 

A 

V 

O 

10- 
• 

a 
E 

0- T • r- •,•,• 
4 6 8 10 

Cell Length (um) 
12 

• Lyngbya majuscula (Piti) • Lyngbya sp. 3 aff. polychroa (Double Reef) 

• Lyngbya majuscula (Pago) o Lyngbya sp. 4 aff. polychroa (Palau) 

• Lyngbya majuscula (Cocos) V Lyngbya bouillonii (Piti) 

El Lyngbya majuscula (Palau) T Lyngbya bouillonii (Palau) 

A Lyngbya sp. 1 aff. majuscula (Piti) • Symploca sp. aff. hydnoides (Piti) 

A Lyngbya sp. 2 aff. semiplena (Tumon) E Symploca hydnoides (Pago) 

• Lyngbya confervoides (Piti) H Symploca sp. aff. hydnoides (Palau) 

FIG. 1. Variations in cell length (x axis) and cell width (y axis), measured in micrometers, among cyanobacterial collections. Standard error bars 
for both measurements are smaller than the size of each symbol. Each species of Lyngbya and Symploca has a distinct morphology at each location. 

to the sequence of Symploca strain VP377 collected from Pago 
Bay and reported by Hoffmann et al. (GenBank accession 
number AF306497). The sequences obtained for L. bouillonii 
from Guam (Piti Bomb Holes 2) and for L. bouillonii from 
Palau (Ulong Channel) were 99.8% similar to those for Lyng- 
bya strain VP417 (from Apra Harbor, Guam; GenBank acces- 
sion number AY049751) (28) and Lyngbya strain NIH309 
(from Short Drop-Off, Palau; GenBank accession number 
AY049752) (28), respectively. Pairwise comparisons of se- 
quence divergence percentages among specimens of L. majus- 
cula showed 0 to 1.3% divergence (Fig. 2). Sequence diver- 
gence among species of Lyngbya was as high or higher than 
between Lyngbya and Symploca (Fig. 2). Comparisons among 
samples of L. bouillonii showed 0.2 to 1.4% divergence, and 
comparisons among samples of S. hydnoides showed 0.3 to 
0.7% divergence. 

Phylogenetic analyses. Phylogenetic analyses based on chem- 
ical characteristics yielded a single most-parsimonious tree 
with a length of 33 and a consistency index of 0.636 (Fig. 3). 

Although bootstrap analyses strongly supported the reciprocal 
monophyly of Lyngbya and Symploca, nodes within the genus 
Lyngbya were weakly supported, suggesting a basal polytomy 
for the genus Lyngbya. Within L. majuscula, three collections 
from Piti Bomb Holes formed a distinct clade, while two col- 
lections from Cocos Lagoon formed a separate clade, illustrat- 
ing the substantial chemical variation observed among these 
populations. 

Hierarchical models of DNA substitution indicated that a 
general time-reversible model (53) that included both the pro- 
portion of invariable sites and heterogeneous rates of substi- 
tution among variable sites best fit our data. Model parameters 
estimated using Modeltest (52) included the substitution rate 
matrix (A^C = 1.245, A^G = 1.551, A^T = 1.335, C^G = 
0.325, C^T = 3.289, and G^T = 1.000), the proportion of 
invariable sites (/ = 0.500), and the gamma distribution shape 
parameter (G = 0.486). This model generated a maximum 
likelihood tree with a likelihood score of 2048.686; bootstrap 
analyses supported all nodes except those within the monophy- 
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FIG. 2. Distribution of pairwise sequence divergence across an alignment of 605 bp of 16S rDNA, indicating divergence within species of 
Lyngbya and Symploca (gray bars), among Lyngbya species (black bars), and between the genera Lyngbya and Symploca (white bars). Pairwise 
comparisons are adjusted for missing data and are uncorrected for multiple substitutions. 

letic clade of L. majuscula collected on Guam (Fig. 4). Maxi- 
mum parsimony analyses constructed 12 equally parsimonious 
trees with a length of 235 and a consistency index of 0.753. The 
maximum parsimony bootstrap consensus tree shared the same 
topology as the maximum likelihood tree, again with no sup- 
port for nodes within the clade of L. majuscula collected on 
Guam. The phylogenies based on 16S rDNA sequences (Fig. 4) 
strongly supported the reciprocal monophyly of Lyngbya and 
Symploca. Both L. bouillonii and L. majuscula were well sup- 
ported as monophyletic clades. 

DISCUSSION 

Recent reviews of secondary metabolites produced by Lyng- 
bya species and other filamentous marine cyanobacteria have 
stressed the tremendous variation in metabolite quantity and 
quality among collections (10, 39, 43). Since many of these 
compounds have promising pharmaceutical applications, in- 
cluding curacin A (from L. majuscula) and symplostatin 1 
(from S. hydnoides), there is growing interest in determining 
the ecological and evolutionary mechanisms that generate this 
variation (10, 50). We examined the morphology, secondary- 
metabolite composition, and 16S rDNA sequences of 21 col- 
lections of Lyngbya and Symploca species from Guam and the 
Republic of Palau. Cell length and cell width are the morpho- 
logical characteristics traditionally used to differentiate species 
of Lyngbya (9, 19, 24). In our study, these characteristics dis- 
tinguished Lyngbya from Symploca but did not clearly separate 
species of Lyngbya. A phytogeny based on secondary-metabo- 

lite characteristics also differentiated Lyngbya from Symploca 
but did not resolve species relationships within Lyngbya. For 
Lyngbya species, each collection location yielded samples with 
unique cellular morphologies and chemical profiles, providing 
very little phylogenetic signal and indicating that these char- 
acteristics are not suitable for a phylogenetically based classi- 
fication of Lyngbya species. 

Sequence analysis of the 16S rDNA subunit can provide a 
much higher degree of resolution among cyanobacterial taxa 
than either morphological or chemical traits (67). The majority 
of comparisons of sequence divergence among Lyngbya spp. 
demonstrated 10 to 14% divergence (86 to 90% similarity), as 
did comparisons between Lyngbya and Symploca spp. These 
values are similar to the range of average cyanobacterial sim- 
ilarities (83.7 to 88.7%) reported by Wilmotte (67). Large 
differences within genera may reflect the ancient lineages of 
cyanobacteria, while the transition-to-transversion ratio of 1.15 
may indicate increasing saturation of these sequences. How- 
ever, partial 16S rDNA sequences strongly supported the re- 
ciprocal monophyly of the genera Lyngbya and Symploca, as 
well as the monophyly of L. bouillonii and L. majuscula, with 
high bootstrap support for nodes separating species. Although 
all collections of L. majuscula were grouped into a monophy- 
letic clade, these sequences did not resolve phylogenetic rela- 
tionships among populations of L. majuscula with a high de- 
gree of certainty. 

Although many collections of L. majuscula possessed both a 
unique chemotype and a unique cellular morphology, this vari- 
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FIG. 3. Maximum parsimony phylogeny based on the presence of secondary metabolites in collections of Lyngbya and Symploca species, as 
analyzed by two-dimensional TLC. Numbers above branches indicate bootstrap values (percentages) from 1,000 replicates of a branch-and-bound 
search executed using PAUP* version 4.0b3a. Asterisks indicate bootstrap support of less than 50%. 

ation was not correlated with variability in 16S rDNA se- 
quences. For example, while L. majuscula collections Cocos 2 
and Cocos 3 were readily distinguished from collections Pago 
2 and Pago 3 on the basis of chemical and morphological 
characteristics, these four collections possessed identical 16S 
rDNA sequences. Given this conservation of 16S rDNA se- 
quences, the high degree of plasticity observed for both mor- 
phology and secondary-metabolite composition may be due to 
three nonexclusive biological processes: (i) genes responsible 
for secondary-metabolite biosynthesis and morphology may 
evolve at higher rates than the 16S ribosomal gene; (ii) hori- 
zontal gene transfer may enhance variability in secondary- 
metabolite biosynthesis; and (iii) cyanobacteria may display 
plastic morphological and chemical responses to the environ- 
mental conditions found at each collection location. 

Divergence in chemosynthetic genes may not be reflected in 
16S rDNA sequences if the ribosomal sequences are relatively 
more conserved. Toxins produced by cyanobacteria can be 
associated with genetic differences among strains, but differ- 

ences in toxin production have also been reported among ge- 
netically similar strains (2). For example, although hepatotoxic 
strains of Anabaena are genetically distinct from neurotoxic 
strains of Anabaena and nontoxic Aphanizomenon (11, 33), 
neurotoxic Anabaena and nontoxic Aphanizomenon strains 
show 99.9 to 100% similarity in their 16S rDNA sequences. 
Higher rates of evolution in toxin-encoding genes than in ri- 
bosomal genes have also been reported for Microcystis strains 
(36, 60). Future phylogenetic analyses of genes responsible for 
the biosynthesis of Lyngbya metabolites, e.g., polyketide syn- 
thases and nonribosomal peptide synthetases (21, 37), analyses 
of the internally transcribed spacer between the 16S and the 
23S rDNA subunits (56), and repetitive extragenic palindromic 
fingerprinting (33) may reveal greater amounts of within-spe- 
cies genetic variation than observed in the 16S rDNA subunit. 

Analyses of the substitution patterns found within Lyngbya 
biosynthetic genes may provide evidence for horizontal gene 
transfer (54, 55). Horizontal gene transfer among cyanobacte- 
rial strains has been demonstrated for genes encoding both 



3310 THACKER AND PAUL APPL. ENVIRON. MICROBIOL. 

63/ 5 

92/81 

100/9 

96/1 0 

98/9 n 
98/91 

Lyngbyamajuscula (Pago 2) 

Lyngbya majuscula (Pago3) 

Lyngbya majuscula (Cocos 2) 

Lyngbya majuscula (Cocos 3) 

Lyngbya majuscula (Piti2) 

Lyngbya majuscula (Piti 3) 

Lyngbya majuscula (Piti 1) 

Lyngbya majuscula (Pago 1) 

Lyngbya majuscula (Cocos 1) 

Lyngbya majuscula (Palau) 

Lyngbya sp. 1 aff. majuscula (Piti) 

Lyngbya confervoides (Piti) 

Lyngbya sp. 2 aff. semiplena (Tumon) 

^• Lyngbya PCC7419 

85/( 

• Lyngbya sp. 3 aff. polychroa (Double Reef) 

88 '8j' 

H1 

71 / sF Lyngbyabouillonii (Palau) 

100/1 oj>Lyngbyabouilbnii(Piti 2) 

I- Lyngbya bouillonii (Piti 1) 

Lyngbya sp. 4 aff. polychroa (Palau) 

Symploca sp. aff. hydnoides (Palau) 

Symploca hydnoides(Pago) 

Symploca sp. aff. hydnoides (Piti) 

•• 0.01 substitutions/site 

FIG. 4. Maximum likelihood phylogram of collections of Lyngbya and Symploca spp., constructed from an alignment of 605 bp of 16S rDNA. 
The maximum parsimony bootstrap consensus tree shares the same topology. Numbers above branches indicate likelihood/parsimony bootstrap 
values (percentages). The maximum likelihood analysis was based on a general time-reversible model that included both the proportion of 
invariable sites and heterogeneous rates of substitution among variable sites, with model parameters estimated with Modeltest (52) and trees 
evaluated with PAUP* version 4.0b3a. 

primary metabolites (3, 34, 54, 55) and secondary metabolites, 
including the Microcystis mcy operon (36, 60). Horizontal gene 
transfer may be more frequent among closely related strains 
(54), providing a potential explanation for the diversity of 
metabolites isolated from neighboring Lyngbya populations. 

Environmental variation among collection locations could 
also influence the observed variation in chemical and morpho- 
logical characteristics. For example, the Cocos Lagoon samples 
of L. majuscula were collected at a depth of 3 to 5 m in 
relatively calm waters, while the Pago Bay samples were col- 
lected at a depth of less than 1 m on a wave-swept reef flat. 
Additional laboratory and field experiments, including recip- 
rocal transplants, are needed to determine whether variation in 
morphological and chemical characteristics reflects the re- 
sponses of different genotypes to changing environmental con- 
ditions or whether this variation reflects genetic differences 
that are expressed regardless of environmental conditions. 

Taxonomic difficulties may confound any current analyses of 
the geographic distributions of cyanobacterial compounds. The 
16S rDNA phylogeny indicates that L. majuscula and L. bouil- 
lonii are genetically distinct, with greater than 10% average 
sequence divergence. L. bouillonii can be recognized in the 

field by its dark red coloration and thick, net-like mats, but it 
shows an extremely wide variation in cell shape, cell size, and 
trichome width (19). However, several compounds that origi- 
nate from L. bouillonii have been attributed to L. majuscula, 
including apratoxins A (30), B, and C (28), lyngbyabellins A, B, 
and D (31, 32, 63), lyngbyapeptin A (32), ulongamides (26), 
and other alkaloids (29). Future investigations of cyanobacte- 
ria that yield pharmaceutically active compounds should rely 
on a combination of both morphological and molecular taxon- 
omy for identifications, as an enhanced chemical and molecu- 
lar database may clarify patterns in the evolution and bioge- 
ography of these natural products. 
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