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INTRODUCTION

It has been speculated for several decades that bac-

teria associated with toxic marine dinoflagellates,

such as Gymnodinium catenatum Graham, can play a

role in the production of phycotoxins, such as the par-

alytic shellfish toxins (PSTs) (Doucette et al. 1998,

Kodama et al. 2006). The question of whether bacteria

have a direct role in paralytic shellfish poisoning

(PSP), or produce PSTs autonomously, has been exam-

ined by a number of researchers, but the evidence

remains inconclusive (Kodama et al. 1990, Levasseur

et al. 1996, Gallacher et al. 1997, Smith et al. 2002,

Azanza et al. 2006). Several hypotheses that propose a

role for bacteria in PST production have been put

forth. One of the main hypotheses is that bacteria

could contribute to PSP toxicity through the direct

accumulation of autonomously produced bacterial

PSTs by shellfish or other organisms in the absence of

the dinoflagellate. There is no doubt that many

cyanobacteria can autonomously produce PST com-

pounds, and a plausible biosynthetic pathway has

been recently described (Kellmann et al. 2008), but

the evidence for PST production by other heterotro-

phic bacterial groups is weaker. While a number of

bacteria have been reported to produce toxins having
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chromatographic and biological activity similar to that

of PST compounds (Kodama et al. 1988, Gallacher et

al. 1997, Smith et al. 2002), several studies have

demonstrated that this activity can be attributed to

compounds structurally unrelated to PSTs (Sato &

Shimizu 1998, Baker et al. 2003, Martins et al. 2003).

Alternatively, bacteria may be directly involved in

dinoflagellate PST biosynthesis by supplying precur-

sor compounds or synthesizing key intermediates in

the biosynthetic pathway (Gallacher & Smith 1999).

What these compounds might be has yet to be deter-

mined. Another possibility is that instead of directly

affecting PST biosynthesis, the bacteria could act on

the released toxins, either converting saxitoxin con-

geners to forms with more or less toxicity (Smith et al.

2002), or, as has been demonstrated, reducing the

total toxin load by direct elimination of them (Smith et

al. 2001, Donovan et al. 2009).

If bacteria do not have a direct role in toxicity, it

may be that a combination of effects rather than a

direct contribution to toxin synthesis is involved. A

number of studies have tested this by using chemical

washing and/or antibiotic treatment to eliminate bac-

teria from toxic dinoflagellate cultures. After treat-

ment, some cultures show increased toxicity (Hold et

al. 2001a, Wang et al. 2004, Ho et al. 2006), whereas

other studies report decreased culture toxicity follow-

ing bacterial removal (Doucette & Powell 1998, Uribe

& Espejo 2003, Ho et al. 2006, Martins 2007). These

studies clearly demonstrate that the composition of

the bacterial community can influence the PST con-

tent of dinoflagellate cells, but the mechanism

remains completely unknown. While changes in PST

content may still be due to the direct involvement of

specific bacteria in PST production, it is conceivable

that PST production by the dinoflagellate may be an

indirect effect of bacteria acting on algal cellular

physiology, by mechanisms such as nutrient competi-

tion (Ho et al. 2006) or the production of inhibitory or

stimulatory compounds (Sawayama et al. 1993, Lee et

al. 2000).

This study and that of Green et al. (2004) utilised a

unique collection of laboratory Gymnodinium catena-

tum cultures that display significant differences in

their cellular PST content. Ordinarily, G. catenatum

cultures established from vegetative cells collected

from field material (CAWD101, GC21V, GCDE08 and

YC499B15; Table 1) produce a diverse suite of PST

compounds typically in excess of 20 to 50 fmol PST

cell–1 (Oshima et al. 1993a, Negri et al. 2007). How-

ever, some laboratory cultures derived from washed

single sexual resting cysts (GCHU11, GCJP01 and

GCTRA14; Table 1) produce an order of magnitude

less toxin per cell and a restricted range of PST com-

pounds (Negri et al. 2007). From these observations it

was speculated that the laboratory isolation process of

vigorous washing and ultra-sonication of single cysts

prior to germination may have reduced the bacterial

community diversity and directly or indirectly inhib-

ited resumption of PST production after germination

(Bolch et al. 2001).

In this study, we examined the hypothesis that the

low-toxicity and reduced toxin profile of cyst-germi-

nated Gymnodinium catenatum cultures was associ-

ated with a reduction in bacterial community diversity,

or that other differences in the bacterial community

composition might explain the observed differences in

cellular toxicity of G. catenatum cultures. We com-

pared the total bacterial diversity of 4 toxic and 3 low-

toxicity G. catenatum cultures identified using 16S

rRNA gene clone libraries, and then analysed the total

(clone and cultivable) identified bacterial diversity by

using several phylogenetic diversity approaches,

including the web-based analytical tool UniFrac

(Lozupone & Knight 2005), FST (Martin 2002), and LIB-

COMPARE (Wang et al. 2007).
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Strain Toxicity Isolation source Isolation Culture collection

(fmol STX cell–1) date

Typical toxicity (cultures isolated from vegetative cells)

CAWD101 na Kaitaia coast (New Zealand) 2000 Cawthron Institute (NZ)

GC21V 244 Ria de Vigo (Spain) 1986 CCMPa (USA)

GCDE08 189 Derwent Estuary, Tasmania (Australia) 1987 ANACC (Australia)b

YC499B15 316 Yellow Sea (Korea) 1998 T. G. Park (Korea)

Low toxicity (cultures isolated from sexual resting cysts)

GCHU11 4 Huon Estuary, Tasmania (Australia) 1988 ANACC (Australia)

GCJP01 bd Seto Inland Sea (Japan) 1985 ANACC (Australia)

GCTRA14 3 Spring Bay, Tasmania (Australia) 1993 ANACC (Australia)

aProvasoli-Guillard National Center for Culture of Marine Phytoplankton 
bAustralian National Algae Culture Collection

Table 1. Origin and toxicity of the Gymnodinium catenatum cultures examined in this study. na: data not available. bd: below

detection limit. STX: saxitoxin
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MATERIALS AND METHODS

Gymnodinium catenatum culture isolation. Cul-

tures CAWD101, GC21V, GCDE08 and YC499B15

(Table 1) were generated from single vegetative cells

or single chains of vegetative cells isolated from field

material using micropipetting techniques. The strin-

gency of washing used to remove contaminating mate-

rial and bacteria is not known and can vary from

person to person. Cultures GCHU11 and GCTRA14

(Table 1) were generated from single sexual resting

cysts collected from field material. The cysts were

washed vigorously using ultra-sonication and repeat-

edly washed in sterile growth medium to separate

them from contaminating material, prior to germina-

tion. The isolation methodology used to generate cul-

ture GCJP01 is less well documented but, again, was

based on germination of a single sexual resting cyst.

Culture GCJP01 was subsequently re-isolated by sin-

gle-cell micropipetting upon receipt by the Australian

National Algae Culture Collection.

Algal culture. The Gymnodinium catenatum strains

used in this study (Table 1) were grown at 18°C in

25 cm2 tissue culture flasks (Nunc) in F/2+Se medium

supplemented with L1 trace metals (Guillard & Har-

graves 1993) at a photon flux density of 70 µmol photo-

synthetically active radiation (PAR) m–2 s–1 supplied

by cool-white fluorescent lighting (Phillips) with a

photoperiod of 12:12 h (light:dark). All cultures were

handled aseptically to prevent bacterial contamination

and cross-contamination between cultures.

16S rRNA gene clone library construction and

ARDRA analysis. Bacterial cells were harvested by pel-

leting 1 ml of late exponential phase algal cells at

12 000 × g for 30 s, and the cell pellet was stored at

–80°C until DNA extraction. At the same time, Gymno-

dinium catenatum cells from each culture were har-

vested by centrifugation (2000 × g for 5 min), and 10-

fold serial dilutions of the suspended cells plated on

dilute marine agar. The resultant cultivable isolates

were identified by 16S rRNA gene sequencing. Full de-

tails of the isolation procedure and analysis have been

reported previously (Green et al. 2004). Bacterial ge-

nomic DNA was extracted using a cetyltrimethylammo-

nium bromide purification method (Ausubel et al. 1999)

amended as follows: the cell pellet was suspended in

100 mM Tris-HCl (pH 8.0), 150 mM NaCl and 10 mM

EDTA, and lysozyme (5 mg ml–1 final concentration)

was then added and incubated at 37°C for 30 min.

Amplified ribosomal DNA restriction analysis

(ARDRA) was carried out essentially as described by

Moyer (2001). The polymerase chain reaction (PCR)

was used to amplify the small subunit rRNA gene (16S

rDNA) from the chromosomal DNA using primers 27F

and 1492R (Weisburg et al. 1991). PCR was carried

out on a PTC200 DNA Engine Thermocycler (MJ

Research) and used 1 U of Taq polymerase (ABgene) in

a 50 µl reaction containing a final concentration of

1.8 mM Mg2+, 20 mM NH4SO4, 75 mM Tris-HCl (pH

8.8) and 0.01% Tween-20, and 0.5 µM of each primer.

Cycling parameters were 94°C for 2 min; 20 cycles of

55°C for 30 s, 72°C for 3 min and 94°C for 10 s; followed

by 72°C for 10 min. For each algal strain, the amplified

bacterial 16S rDNA from 3 independent PCR reactions

were pooled and purified with Montage-PCR filters

(Millipore). Pooled 16S rDNA (25 ng) was then ligated

into 25 ng pGEM-T Easy (Promega) and transformed

into chemically competent Escherichia coli XL1-Blue

(Stratagene). A total of 96 clones from each clone

library were picked at random using sterile wooden

toothpicks, and each clone amplified in a single 50 µl

PCR reaction containing primers ARD-F and ARD-R

that immediately flank the pGEM-T Easy cloning site

(Green et al. 2004) at a final concentration of 0.1 µM

(all other reaction components were as listed above),

and cycled as follows: 94°C for 2 min; 30 cycles of 60°C

for 30 s, 72°C for 1.5 min and 94°C for 10 s; followed by

72°C for 10 min. From each PCR, 15 µl of the amplified

DNA was restricted by double-digestion using 10 U

Rsa I and 10 U Msp I and Buffer B as supplied by the

manufacturer (Promega) in a final reaction volume of

30 µl. Following incubation (18 h at 37°C), the re-

stricted DNA was electrophoresed through 2.5%

MetaPhor agarose (BioWhittaker) prepared in 1× Tris-

Borate-EDTA (TBE) at a voltage of 5 V cm–1 for 4 h.

DNA was visualised by ethidium bromide staining and

UV-transillumination. The abundance of each ARDRA

pattern (operational taxonomic group; OTU) was

assessed and scored following visual inspection of the

ARDRA patterns.

A plasmid DNA representative of each OTU was

prepared using NucleoSpin Plasmid kit (Macherey-

Nagel, ABgene), and sequenced in the forward direc-

tion using the 27F primer (Weisburg, et al. 1991) and

‘Big-Dye’ terminator chemistry version 1.1 (Applied

Bio-systems) according to standard protocols.

Sequence reactions were electrophoresed on an ABI

377 DNA sequencer, and resulting sequences were

aligned and manually checked for consistent base-

calling using Sequence Navigator (Version 1.0.1,

Applied Biosystems).

Phylogenetic and statistical analysis. Genetic iden-

tity of each 16S rRNA gene sequence was determined

using Ribosomal Database Project II (RDP II) Sequence

Match (Cole et al. 2005). Genetic identity was in most

instances assigned to the closest taxonomically de-

scribed bacterial sequence in the RDP II. Putative

chimeric 16S rDNA clones were identified following

submission to the CHIMERA-CHECK facility of the

RDP II (Cole et al. 2005).
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For phylogenetic inference, sequences were aligned

with the NAST automatic aligner (http://greengenes.

lbl.gov) (DeSantis et al. 2006) and imported into the

ARB software suite using the ARB parsimony tool

(Ludwig et al. 2004). The alignment was refined, and

ambiguous positions in the alignment were masked

from the analysis. Phylogenetic inference was based

on distance matrices and neighbour-joining (NJ)

(Saitou & Nei 1987) of the masked alignment, as imple-

mented in ARB. Bootstrap resampling was used to test

support for the inferred tree topology. OTUs were an-

notated by the Gymnodinium catenatum culture from

which they originated followed by an alphabetic suffix.

Bacterial species richness of the clone libraries was

estimated by the Chao-1 non-parametric estimator

(http://www2.biology.ualberta.ca/jbrzusto/rarefact.php)

(Colwell & Coddington 1994). The Shannon diversity in-

dex was calculated using the MOTHUR software suite

(Schloss et al. 2009). To examine if there was a consistent

pattern in presence/absence of phylotypes or bacterial

diversity correlated with these 2 groups, we divided the

7 cultures into 2 groups on the basis of their reported cul-

ture toxicity (Table 1): cultures with typical levels of PST

(GC21V, GCDE08, YC499B15 and CAWD101) and those

with low to undetectable PST (GCHU11, GCJP01 and

GCTRA14). The first hypothesis tested was whether the

abundance of one taxonomic group was over- or under-

represented within either group. The OTU clone abun-

dance data were used to derive an overall estimate of the

abundance of each taxon in the cultures and OTU clone

abundance of Alphaproteobacteria and Gammapro-

teobacteria, and Bacteroidetes was examined using a

single factor analysis of variance (ANOVA). The second

hypothesis tested was whether there was a difference in

the total phylogenetic diversity of the 2 culture sets. To

do this, we compiled both OTU (this study) and cul-

tivable (Green et al. 2004) data and examined the mean

species richness of the main taxonomic groups (Al-

phaproteobacteria, Gammaproteobacteria and Bac-

teroidetes) in the 2 culture sets. Pearson rank correlation

was used to examine whether there was a relationship

between Gymnodinium catenatum culture toxicity (n =

6; Table 1) and OTU or total species richness (Table 2).

LIBCOMPARE (Wang et al. 2007) was used to iden-

tify whether specific taxonomic groups were signifi-

cantly over- or underrepresented in pooled populations

according to the following groups: (1) Gymnodinium

catenatum cultures of normal or low toxin content (as

described above); (2) cultures isolated from the South-

ern (CAWD101, GCHU11, GCDE08, GCTRA14) or

Northern hemisphere (GCJP01, YC499B15, GC21V);

(3) the 2 rDNA-ITS genotypes of the G. catenatum

strains (C-gene: GC21V and YC499B15; versus T-gene:

Australian-New Zealand strains and GCJP01) (Bolch &

de Salas 2007); or (4) cultures isolated during the 1980s

(GC21V, GCDE08, GCHU11, GCJP01), or since 1993

(CAWD101, GCTRA14, YC499B15). Unaligned multi-

ple FASTA files comprising each OTU replicated to

equal its abundance in its respective clone library were

compiled according to the groups listed above and sub-

mitted for LIBCOMPARE analysis (Wang et al. 2007)

available at the following website (http://rdp.cme.

msu.edu/comparison/).

To further examine bacterial community phyloge-

netic diversity, the UniFrac approach was used

(Lozupone & Knight 2005). Briefly, 2 distance matrix

NJ trees based on masked alignments were calculated

in ARB, with the first representing total bacterial diver-

sity (cloned and cultivable species) and the second

comprising OTU data (clone library data only) anno-

tated according to Gymnodinium catenatum culture

origin, culture toxicity and the number of OTUs

(weighted only). UniFrac matrices were calculated as

the fraction of tree branch length unique to any one G.

catenatum culture in pairwise comparisons with all

other cultures. Differences in the bacterial community

between low-toxicity and typical-toxicity cultures

(Table 1) were examined and tested for significance

(α = 0.05) using UniFrac matrices with data weighted

for OTU (clone) abundance (normalised) and also with

total (clone OTU and cultivable) unweighted bacterial

community data (Lozupone & Knight 2005). Pairwise

UniFrac matrices were then subjected to principal

coordinates analysis (PCA) using both the weighted

OTU data and unweighted total community data.

To test hypotheses that could account for the cluster-

ing of bacterial diversity observed with the UniFrac

PCA analysis, we generated a UniFrac distance matrix

from pairwise comparisons of all 7 Gymnodinium cate-
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G. catenatum OTUs Cultivable Total

culture No. Chao-1 H’ strains

Typical toxicity

CAWD101 12 17 ± 5 2.10 11 15

GC21V 16 34 ± 15 2.29 9 19

GCDE08 16 18 ± 2 2.14 9 17

YC499B15 18 27 ± 8 2.35 11 22

Low toxicity

GCHU11 7 8 ± 1 1.38 4 7

GCJP01 16 34 ± 15 2.56 12 24

GCTRA14 13 15 ± 2 2.27 6 15

Table 2. Bacterial species richness of Gymnodinium cate-

natum cultures. Operational taxonomic units (OTUs) were

identified by amplified ribosomal DNA restriction analysis

(ARDRA), and Chao-1 shows the estimated phylotype rich-

ness (±95% confidence intervals) of each clone library. Shan-

non diversity index (H ’) was calculated from the number of

unique OTUs identified in each G. catenatum culture. Data

for the number of cultivable strains came from Green et al. 

(2004) and this study
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natum cultures (weighted OTU data and unweighted

total diversity) and subjected these to a Student’s t-test,

testing whether the average genetic distance between

communities within pooled population groups was less

than the average distance between communities

across population groups (L. Dethfusen pers. comm.).

A Bonferroni correction was applied for multiple com-

parisons (α = 0.05). The 4 hypothesised clusters tested

were those described above for LIBCOMPARE analy-

sis. We next annotated the UniFrac environmental file

to partition the dendogram (weighted OTU data only)

according to each of these hypothesised clusters and

subjected this to the UniFrac significance test and

parsimony test (P-test).

To determine whether the pooled Gymnodinium

catenatum bacterial communities (according to the

above 4 hypothesized clusters) were genetically dis-

tinct from one another, we calculated FST as a measure

of genetic differentiation between the pooled popula-

tions. FST was calculated as described for 16S rRNA

gene clone libraries (Martin 2002) and as implemented

by Eckburg et al. (2005). To do this, an NJ distance

matrix, according to the Olsen model, was calculated

in ARB and exported (Ludwig et al. 2004). A PERL

script (Eckburg et al. 2005) was used to calculate FST

for each of the NJ distance matrices, which sub-

sequently estimates the significance of the calculated

FST by determining an empirical null distribution for

FST, by 1000 random assignments of the clone library

sequences to the populations. Where the random FST

(p = 0.001) was greater than the calculated FST, this

was indicative of significant differences in the parti-

tioning of genetic diversity between the pooled popu-

lations.

DNA sequences from this study have been deposited

under the following accession numbers: AY701416 to

AY701472, and DQ660886 to DQ660888.

RESULTS

16S rRNA gene clone libraries

Bacterial small subunit rRNA gene (16S rDNA) clone

libraries from each of the Gymnodinium catenatum

strains are listed in Table 1. Between 89 and 95 clones

of the original 96 clones picked from each of the 7

libraries contained 16S rDNA inserts that were sub-

jected to ARDRA analysis. Following the sequencing of

representative clones of each OTU, where 2 or more

OTU sequences from the same clone library were

≥99.0% similar to one another, the OTUs were merged

and scored as a single OTU. Six clones were identified

as putative chimeras and removed from further

analysis.

Rarefaction analysis indicated near to saturation cov-

erage of the bacterial diversity of the 7 clone libraries

(data not shown). However, the Chao-1 estimator of

phylotype richness indicated a potential under-

sampling of the actual species richness of some cul-

tures (Table 2). A total of 98 OTUs were identified from

the 7 Gymnodinium catenatum clone libraries, with

57 OTUs unique to the clone libraries and therefore

representing bacteria we had not cultured in our previ-

ous work (Green et al. 2004). Of these 57 OTUs,

Alphaproteobacteria (39%) and Bacteroidetes (35%)

were the most frequently identified phylotypes, with

the remaining OTUs affiliated with the Gammapro-

teobacteria (19%), Planctomycetes (3.5%) and Verru-

comicrobia (3.5%) (data not shown). An Alphapro-

teobacteria or Bacteroidetes OTU was typically the

most abundant individual OTU in G. catenatum cul-

tures, except in cultures GCJP01 and GC21V, where

OTUs affiliated with the OM182 clade (GCJP01_R;

17.5%) and Verrucomicrobia (GC21V_A; 26%),

respectively, were the single most abundant OTUs

(see Table S1 in the supplement at www.int-res.com/

articles/suppl/a061p073_supp.pdf). Figs. 1 to 3 depict

the phylogenetic affiliation of the 57 unique OTUs

(see also Table S1) alongside the cultivable bacteria

identified by Green et al. (2004) from the same G. cate-

natum cultures.

Bacterial community composition of Gymnodinium

catenatum cultures

Clone library analysis expanded the bacterial diver-

sity catalogue of the 7 Gymnodinium catenatum cul-

tures from 62 cultivable bacteria to a total of 119

phylotypes (Table 2) spanning 5 phyla. Species rich-

ness of the cultures ranged from 7 to 24 (mean = 17)

(Table 2). When compared with the cultivable commu-

nity characterised by Green et al. (2004), data indi-

cated that approximately 52% of the community asso-

ciated with G. catenatum cultures had been cultivated.

Alphaproteobacteria, Gammaproteobacteria and Bac-

teroidetes were always present in each culture,

whereas the identification of Actinobacteria, Verru-

comicrobia and Planctomycetes was sporadic and

restricted to a total of 2 phylotypes from each phylum.

From a compilation of the total bacterial diversity

identified (OTUs and cultivable) across all Gymno-

dinium catenatum cultures (Fig. 4A), the most fre-

quently encountered bacterial taxa (ca. 44%) be-

longed to Alphaproteobacteria, and the majority were

affiliated with the Rhodobacteraceae (ca. 61%). Bac-

teroidetes phylotypes (ca. 30% of total diversity) in

each G. catenatum culture always included affiliates of

classes Flavobacteria and Sphingobacteria. Gamma-
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Fig. 1. Neighbour-joining 16S rDNA dendrogram created in ARB software, showing the Alphaproteobacteria diversity identified

in Gymnodinium catenatum cultures. Bootstrap support ≥50% for the inferred tree is shown. G. catenatum bacteria are in black

typeface, and representative bacteria or clones from GenBank are in grey typeface. Strains from typical and low-toxicity G. 

catenatum cultures are denoted by the symbols j and h, respectively. Scale bar shows substitutions per site
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proteobacteria comprised ca. 21% of the total bacterial

diversity, while Actinobacteria, Planctomycetes and

Verrucomicrobia were identified infrequently, and the

species richness of each phyla represented 1.7% of the

total diversity (Fig. 4A).

Bacterial communities of toxic and low-toxicity 

Gymnodinium catenatum cultures

The 7 Gymnodinium catenatum cultures examined

in this study could be divided into 2 groups on the basis

of their reported culture toxicity (Table 1): cultures

with typical levels of PST (GC21V, GCDE08,

YC499B15 and CAWD101) and those with low to unde-

tectable PST (GCHU11, GCJP01 and GCTRA14). The

bacterial diversity of these 2 groups was examined

using statistical methods.

No significant differences were observed in the abun-

dance of clones affiliated with the Alphaproteobacteria,

Gammaproteobacteria or Bacteroidetes (F1,5 ≤ 3.146,

p ≥ 0.136) between normal and low-toxicity groups of

cultures (Fig. 4B). No significant differences in species

richness of the main taxonomic groups (Alphaproteobac-

teria, Gammaproteobacteria and Bacteroidetes) were de-

tected between the normal and low-toxicity groups (F1,5

≤ 1.42, p ≥ 0.29) (Fig. 4C). While the mean species rich-

ness and clone abundance of Roseobacter phylotypes

79

Fig. 2. Neighbour-joining 16S rDNA dendrogram created by ARB software, showing the Gammaproteobacteria diversity identi-

fied in Gymnodinium catenatum cultures. G. catenatum bacteria are in black typeface, and representative bacteria or clones from

GenBank are in grey typeface. Bootstrap support ≥50% for the inferred tree is shown. Strains from typical and low-toxicity G. 

catenatum cultures are denoted by the symbols j and h, respectively
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appeared lower in low-toxicity cultures, these differ-

ences were not significant (species richness F1,5 = 2.28,

p = 0.19; clone abundance F1,5 = 2.32, p = 0.19). Similarly,

no significant differences in abundance of Flavobacteria

and Sphingobacteria were identified between normal

and low-toxicity groups (F1,5 ≤ 0.19, p ≥ 0.68).

Pearson rank correlation was used to examine

whether there was a relationship between Gymno-

dinium catenatum culture toxicity (n = 6; Table 1) and

OTU or total species richness (Table 2). While values of

OTU species richness and total community species

richness were generally lower in the low-toxicity cul-

80

Fig. 3. Neighbour-joining 16S rDNA dendrogram created by ARB software, showing the diversity of Bacteroidetes (Flavobacte-

ria, Sphingobacteria), Actinobacteria, Verrucomicrobia and Planctomycetes identified in Gymnodinium catenatum cultures.

Bootstrap support ≥50% for the inferred tree is shown. G. catenatum bacteria are in black typeface, and representative bacteria

or clones from GenBank are in grey typeface. Strains from typical and low-toxicity G. catenatum cultures are denoted by the 

symbols j and h, respectively
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tures, neither trend was significant (OTU rS = 0.63;

p > 0.05; Total rS = 0.42; p > 0.05).

No consistent patterns were observed in individual

phylotype composition between the normal and low-

toxicity groups. Firstly, there was no pattern in the

presence or absence of the rare phylotypes (Actinobac-

teria, Verrucomicrobia and Planctomycetes) (Fig. 3).

Secondly, to discern if any phylogenetic cluster corre-

lated with typical or low-toxicity cultures, we anno-

tated each unique 16S rDNA sequence according to

culture toxicity (typical or low) and visually examined

each phylogenetic tree (Figs. 1 to 3). Within the limits

of our phylogenetic tree construction, we could not

discern a consistent association of any cluster with nor-

mal or low-toxicity cultures. However, LIBCOMPARE

analysis indicated the Planctomycetes as overrepre-

sented in the low-toxicity cultures, and Verrucomicro-

bia as overrepresented in the normal toxicity cultures.

As the 2 Planctomycete OTUs occurred in only 1 of the

3 low-toxicity cultures (GCJP01), and the Verrucomi-

crobia occurred in 1 normal and 1 lowtoxicity culture,

neither represented a consistent difference that distin-

guished between normal or low-toxicity cultures.

UniFrac analysis detected no significant differences in

pairwise comparisons between either the weighted

(OTU only; p = 1.0) or total unweighted (OTU and cul-

tivable; p = 1.0) bacterial communities associated with

typical and low-toxicity cultures. The PCA using UniFrac

matrices calculated from weighted OTU data and un-

weighted total community data are shown in Fig. 5. The

total variance explained by the first 2 components of the

OTU and total community analyses were 54 and 45%,

respectively. It was apparent from this analysis that bac-

terial communities did not cluster according to culture

toxicity when either OTU abundance or total diversity

was taken into account (Fig. 5). Instead, the results

showed an apparent clustering by the isolation origin of

the Gymnodinium catenatum cultures. The bacterial

community of strain GC21V from Spain clustered away

from all other cultures; the Japanese (GCJP01) and Ko-
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rean (YC499B15) cultures clustered close together and

are separated from bacterial communities of the Aus-

tralian-New Zealand strains along the first principal

component axis. Analysis of average UniFrac distances

within and among bacterial communities within pooled

population groups using the Student’s t-test showed sig-

nificant support only for the geographic origin hypothe-

sis (unweighted community data only) of the G. catena-

tum cultures (Table 3).

These 4 hypotheses were also examined for signifi-

cance using the UniFrac significance and P-test, based

on pooling individual communities into 2 populations.

No significant differences in pairwise comparison for

each of the hypotheses examined were observed (Table

3). Subsequent analysis used the FST statistic to identify

whether there was any significant partitioning of genetic

diversity between the pooled populations

based on the 4 hypothetical clusters (Table

3). Here, FST indicated that there were sig-

nificant differences in genetic diversity be-

tween the pooled communities for all of the

hypothesized clusters. Notably though, the

largest FST value calculated was for the ge-

ographic origin hypothesis, providing a

greater measure of support for this hypoth-

esized clustering over the remaining 3 clus-

ters. The combination of significant FST val-

ues and non-significant P-tests indicates

that the bacterial communities are com-

posed of unique groups of closely related

organisms distributed across the phyloge-

netic tree (Martin 2002). This is borne out

by the examination of the individual trees

(Figs. 1 to 3) that show each community has a number of

unique phylotypes, but at the broader taxonomic level,

all the communities are composed of a very similar tax-

onomic mix of bacteria (e.g. Roseobacter clade, Mari-

nobacter spp., Flavobacteria).

DISCUSSION

Bacterial diversity associated with Gymnodinium

catenatum

Overall, 119 bacterial phylotypes were identified from

the 7 Gymnodinium catenatum cultures, using a combi-

nation of clone libraries (this study) and culture methods

(Green et al. 2004). The clone libraries identified 81% of

82

Hypothesis Student’s t-test UniFrac p-test FST

OTU diversity Total diversity

Culture toxicitya 0.2893 0.7015 ns ns 0.0244*

Geographic origin 0.0052 <0.0001* ns ns 0.0328*

Genotype 0.0468 0.1372 ns ns 0.0261*

Isolation date 0.8587 0.8465 ns ns 0.0145*

aHypothesis is the equivalent of culture isolation method

Table 3. Analysis of Gymnodinium catenatum bacterial community cluster-

ing probability. Student’s t-test of the average UniFrac genetic distances

within population groups compared to between population groups;

*denotes significance (α = 0.05) following a Bonferroni correction for multi-

ple comparisons. UniFrac and parsimony (p-test) significance tests of pooled

operational taxonomic unit (OTU) data only (weighted for abundance) using

UniFrac metrics. FST was calculated, where *denotes FST was significant 

(p < 0.001). ns: not significant

Fig. 5. UniFrac principal coordinates analysis of (A) weighted operational taxonomic units (OTUs) and (B) unweighted total

bacterial diversity associated with typical- (j) and low- (h) toxicity Gymnodinium catenatum cultures. Grey filled ovals identify

the Southern hemisphere communities (Australia, New Zealand); light grey filled ovals identify the Northern hemisphere 

communities (Japan, Korea and Spain)
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the total species richness identified, and comparison of

this clone library data with the cultivable isolates re-

ported previously (Green et al. 2004) demonstrated that

52% of the OTUs identified were cultivable.

The overall community composition of the Gymno-

dinium catenatum cultures was similar to that reported

by previous studies of dinoflagellates (Alavi et al. 2001,

Hold et al. 2001b, Jasti et al. 2005, Pérez-Guzmán et al.

2008). In particular, the broad distribution of phyla is

similar to that reported from field samples, where

Alphaproteobacteria and, especially, the Roseobacter

and Bacteroidetes (Flavobacteria primarily) were the

principal taxa associated with dinoflagellate blooms

(Fandino et al. 2001, Wichels et al. 2004, Garcés et al.

2007). However, as noted by earlier studies, the over-

lap between culture studies and field bloom-associated

bacteria at the individual phylotype level is often very

low (Garcés et al. 2007). In respect to this study, while

our culture-derived community structure is potentially

skewed by laboratory cultivation, the key point is that

it was the process of laboratory cultivation of the 3 low-

toxicity G. catenatum cultures (Table 1) that led to their

aberrant culture toxicity. And it was this laboratory

cultivation artefact that led to our subsequent specula-

tion that a loss or change in the bacterial diversity of

these laboratory cultures was in some way the cause of

the loss of PST production.

Bacterial community influence on dinoflagellate 

cell toxicity

Despite a number of investigations over the past 2

decades examining the relationship of the bacterial

community and PST production by dinoflagellates, rel-

atively little is known, and no consistent pattern of

association has emerged. One particular hypothesis

proposed is that changes in algal cellular toxicity can

be the direct or indirect consequence of changes in the

bacterial diversity associated with the dinoflagellate.

This hypothesis has been corroborated by a number of

studies showing that effects on dinoflagellate cellular

toxicity do occur following the removal of bacteria

(Doucette & Powell 1998, Ashton et al. 2003a, Wang et

al. 2004, Martins 2007). In the case of Gymnodinium

catenatum, major changes in per-cell toxicity and the

range of PST variants produced in the laboratory

appeared to correlate with differences in culture isola-

tion methods (Negri et al. 2007), which we speculated

might reduce the bacterial community diversity associ-

ated with these cultures.

The loss of community diversity may be manifested

as either the loss of specific bacterial types, or a sig-

nificant change in the overall bacterial community

structure, either of which may be essential for a ‘nor-

mal’ level of PST production by the dinoflagellate cell.

The first case implies that a specific bacterial type or

group will be found only with PST-producing dinofla-

gellates, and a number of studies have identified indi-

vidual bacterial strains that appear to have some

influence on dinoflagellate toxicity (Kopp et al. 1997,

Doucette & Powell 1998, Plumley et al. 1999, Ashton

et al. 2003b). However, studies trying to confirm the

existence of specific bacterial types or groups with

toxic dinoflagellates only, or studies testing whether

there are consistent differences in bacterial commu-

nity structure associated with toxic and non-toxic spe-

cies, have proven difficult (Hold et al. 2001b, Jasti et

al. 2005). In this study, we used a range of diversity

measures and statistical approaches, yet we did not

find evidence that low-toxicity cultures harbour a

reduced bacterial diversity (Table 2), and we could

not identify any over- or underrepresentation of spe-

cies richness or the abundance of specific taxonomic

groups that correlated with culture toxicity (Fig. 4).

The lack of correlation with toxicity was also reflected

in the comparison of the total identified bacterial

diversity of typical versus low-toxicity cultures using

the library comparison tool LIBCOMPARE (Wang et

al. 2007). Furthermore, the quantitative and qualita-

tive pattern of clustering of bacterial community

diversity using the UniFrac PCA analyses (Fig. 5) did

not show community structure to be linked with the

cellular toxicity of Gymnodinium catenatum cultures.

The hypothesis that the G. catenatum culture isolation

method might explain the bacterial community struc-

ture was not explicity tested as the isolation tech-

niques employed to establish the original G. catena-

tum cultures analysed here follow the same pattern as

culture toxicity (see Table 1). Consequently, as we

could not link community structure to culture toxicity,

it is therefore also the case that there is no identifiable

link between bacterial community structure and G.

catenatum culture isolation methodology.

Our analysis is consistent with recent studies of other

dinoflagellates that have used similar approaches to

compare bacterial communities. A comparison of the

bacterial communities associated with toxic and non-

toxic clones of Alexandrium minutum (= A. lusitan-

icum) (Palacios et al. 2006, Martins 2007) did identify

several bacteria to be specific to each culture. As these

studies compared only a single toxic strain with a sin-

gle non-toxic strain, the authors noted that the differ-

ences may instead reflect chance differences in com-

munities rather than being in some way linked to

changes in dinoflagellate toxicity. The addition of bac-

teria from the toxic strain to cultures of the non-toxic

strain failed to induce toxin production in non-toxic

cultures, suggesting either that the bacterial commu-

nity is not involved in toxicity, or that simple addition of
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bacteria to the culture was insufficient to induce toxin

production in non-toxic A. minutum (Martins 2007).

Overall our study concludes that decreased commu-

nity complexity, or the presence/absence of a specific

phylotype or taxonomic group, cannot be solely

responsible for the low toxicity of cyst-derived Gymno-

dinium catenatum cultures. While bacteria that con-

tribute to dinoflagellate toxicity may indeed exist, our

data indicate that they do not comprise a coherent phy-

logenetic grouping that can be identified as unique to

toxin-producing dinoflagellates. However, the molecu-

lar analysis used here cannot discern between eco-

types, i.e. strains within a species that have variable

phenotypes (Cohan 2002). Thus, we cannot be certain

that there may be strains within species groups that co-

occur in both toxic and low-toxicity G. catenatum cul-

tures (e.g. Roseobacter and Marinobacter) that influ-

ence toxicity in one culture but not in another.

There is ample laboratory culture evidence that

removing bacteria from cultures using antibiotic treat-

ment can cause physiological changes and/or alter the

PST content of dinoflagellate cells (Hold et al. 2001a,

Uribe & Espejo 2003, Wang et al. 2004, Ho et al. 2006).

The mechanisms underpinning these changes are cur-

rently unknown. Therefore, it appears likely that

changes in the structure and diversity of bacterial com-

munities influence PST production indirectly via their

effect on algal physiology, nutrient competition or

removal of toxins (Smith et al. 2002, Wang et al. 2004,

Ho et al. 2006, Donovan et al. 2009). In the case of

Gymnodinium catenatum, the interaction with its bac-

terial community, or even specific bacterial phylotypes,

is essential for survival and culture in the laboratory

(Bolch et al. 2004, Subramanian 2007). It has also been

demonstrated that different bacterial communities sig-

nificantly alter basic growth dynamics such as the

exponential growth rate, maximum culture yield and

length of batch culture growth phases (Subramanian

2007). Thus, the bacterial community, as one type of

environmental variable, can potentially influence G.

catenatum physiology, and this influence may also be

reflected by changes in PST biosynthesis.

Other common explanations for the reduction or loss

of toxicity typically invoke physiological or selective

effects of long-term culture and/or random mutations

that reduce or ‘switch-off’ toxin production. Examples

of spontaneous and complete loss of toxicity by dinofla-

gellate cultures are rare and in all previous cases, the

non-toxic strain has, on detailed examination, been

determined to be a different species or a regional

genotype that is uniformly non-toxic (e.g. United King-

dom ribotypes of Alexandrium tamarense (Higman et

al. 2001). However, one credible example reports the

complete loss of toxicity by a culture of A. minutum (=

A. lusitanicum) during or after its transfer to another

laboratory (Martins et al. 2004). While it is impossible

to rule out a laboratory labelling error, in this case both

the toxic and non-toxic counterpart have been con-

firmed to possess the same morphological features,

identical ribosomal rDNA type (Martins et al. 2004)

and similar bacterial communities at a species level,

but with several types unique to each culture (Palacios

et al. 2006). The authors proposed that spontaneous

mutation was an alternative explanation for the

observed loss of toxicity, and this suggestion is par-

tially borne out by the work and observations of Cho et

al. (2008).

In the case of Gymnodinium catenatum, all known

low-toxicity strains continue to produce low concentra-

tions of PST compounds, suggesting that this is a stable

characteristic of these aberrant laboratory cultures.

Production of the various PST compounds appears to

be a heritable trait in Alexandrium (Sako et al. 1992,

Ishida et al. 1993) and G. catenatum (Oshima et al.

1993b), indicating that at least some of the biosynthetic

pathways for PST synthesis are encoded or controlled

by the dinoflagellate genome. The isolation from nat-

ural marine sediments, cleaning, manipulation and

germination of single G. catenatum cysts in the labora-

tory typically involves high-energy ultra-sonication.

Conceivably this process could damage intracellular

structures and/or DNA by thermal stress or free radical

production (Milowska & Gabryelak 2007), resulting in

mutations or the mobilisation of genetic elements

within the G. catenatum genome that in turn could

affect PST biosynthesis. An alternative explanation

stems from current evidence that suggests that PST

production is ‘turned off’ or drastically reduced during

cyst production by both A. tamarense and G. catena-

tum (Oshima et al. 1992, Bravo et al. 1998), and that the

biosynthetic activity of resting cysts is very low (Cem-

bella 1998). Consequently, when resting cysts are ger-

minated in the laboratory, it is possible that PST syn-

thesis is not re-initiated and remains permanently

suppressed or ‘down-regulated’, perhaps owing to

some form of gene silencing (Wu-Scharf et al. 2000).

Factors structuring Gymnodinium catenatum

bacterial communities

From our analysis, the bacterial community diversity

of Gymnodinium catenatum cultures did not correlate

with PST culture content. By contrast, our results indi-

cated that the bacterial diversity structure of the indi-

vidual cultures was best explained by the geographical

origin of the G. catenatum culture. The observed clus-

tering is intriguing given the view that marine microor-

ganisms are considered to be globally distributed

(Fenchel & Finlay 2004). Now, an increasing body of
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evidence is showing that marine microorganisms do

have a geographical distribution (Yutin et al. 2007,

Fuhrman et al. 2008, Ivars-Martinez et al. 2008). In our

case, the communities compared were all drawn from

similar environments: temperate surface coastal/shelf

waters that support populations of a particular dinofla-

gellate. Therefore, it would be expected that our data

set is unlikely to be strongly confounded by other

major community structuring factors (e.g. pelagic ver-

sus benthic, coastal versus oceanic, tropical versus

temperate), and it is likely to reflect real regional dif-

ferences among dinoflagellate-associated bacterial

communities.

CONCLUSIONS

Changes in the associated bacterial communities of

Gymnodinium catenatum cultures do not show any

apparent correlation with culture toxicity, but instead,

the geographic origin of the culture isolate was the

best explanation for the observed variation in bacterial

diversity and community structure among G. catena-

tum cultures. In light of studies demonstrating that

bacteria can influence PST production in Alexandrium

species, we anticipate that the bacterial influence on

PST biosynthesis is more likely to be indirect and

exerted through the community’s effect on algal phys-

iology. Therefore, we suggest future studies in this

field should examine the interactive effects the bacter-

ial community has on algal physiology and cell biology

as a means to address this question.
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