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We are addressing the working hypothesis that enzymic detoxification (biotransformation) of 
xenobiotics by intestinal bacterial symbionts serves as a mechanism underlying their stable association 
with marine invertebrates. Here, we report results from initial studies that examined via 16S ribosomal 
(r) DNA-based approaches, the relative complexity and phylogenetic diversity of the intestinal 
microbiota of the North Atlantic ascidians (tunicates), Boltenia echinata (Cactus sea squirt), B. ovifera 
(Stalked sea squirt), Halocynthia pyriformis (Sea peach), and Ciona intestinalis (Sea vase) (Fig. 1). A 
question of special interest was the degree of host specificity 
in the composition of intestinal bacteria among these four 
tunicate species, which co-inhabit the sublittoral zone of the 
Gulf of Maine. The tunicates are of particular interest 
because they are: 1) sessile filter feeders, a lifestyle that 
might favor symbiosis with detoxifying microbes; 2) basal 
chordates, which diverged from other chordates before the 
large scale gene duplications that characterize vertebrate 
lineages; 3) C. intestinalis & C. savignyi genomes have been 
fully sequenced; and 5) they can be cultured in vitro, thus 
enabling toxicology and biochemical studies. A long-term 
goal is the identification of tunicate species that inhabit 
similar environments but differ in their carriage of 
detoxifying intestinal symbionts. Selected hosts can be used 
as comparative tools to test the hypothesis that development 
and support of a bacterial metagenome contributes to 
detoxification and has influenced, over evolutionary time, the 
host complement of biotransformation genes.

Ascidiacea
 I

Stdidobranchia !
I 1----- C

Pyuridae

Boltenia echinata j

Boltenia ovifera

Until recently, microbial ecologists relied largely on techniques requiring cultivation of organisms 
on selective media. Although cultivation-based studies are useful for analysis of specific groups of 
bacteria, this approach is time- and labor-intensive, and the use of selective media imposes a 
presumptive bias on the types of bacteria that can be identified. Furthermore, only 10-20% of 
intestinal bacterial species may be represented using cultivation-based techniques11. These limitations 
have been now partly circumvented by the introduction of higher resolution molecular techniques to 
analyze microbial community diversity using 16S rRNA or rDNA as a molecular fingerprint to identify 
and classify organisms15. Polymerase chain reaction-denaturing gradient gel electrophoresis (PCR- 
DGGE) is a technique in which DNA is isolated from a mixed sample and amplified using conserved 
16S rDNA domain (Bacteria and Archaea) primers6. Although all PCR products are of approximately 
equal size, when electrophoresed on a polyacrylamide gel containing an increasing gradient of DNA 
denaturants, individual amplicons cease to migrate as the double-stranded products denature according 
to their G/C content. As a result, this approach allows separation of individual sequences based on 
G/C content as they correspond to the different bacterial species within the sample. Gel banding 
patterns from mixed samples can be compared to evaluate the relative similarity of bacterial 
communities from different habitats and host species. In addition, after electrophoresis, individual
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Fig. 1: Taxonomy of B. echinata, B. 
ovifera, H. pyriformis and C. intestinalis.
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A representative 16S V3 DNA PCR-DGGE gel image for replicate hosts is presented in Fig. 2A. 
Bacterial profiles were least diverse for the two Boltenia species with B. echinata (n = 3) harboring an 
average of eight 16S V3 rDNA amplicons (~ bacterial species) and B. ovifera (n = 3) 10 amplicons,
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Replicate specimens of B. echinata, B. ovifera, H. pyriformis, and C. intestinalis were collected 
from Cobscook Bay by Gulf of Maine Marine Life Supply Company (http://www.gulfofme.com) staff and 
shipped overnight in sea water to MD1BL. The intact intestine was dissected within 24 hours of 
specimen collection according to dissection guides provided by the Online Invertebrate Lab from 
Lander University (http://www.lander.edu/rsfox/3101abindex.html). DNA was isolated from combined 
mucosal scrapings and luminal contents using an UltraClean™ Soil DNA Kit (MO BIO Laboratories; 
Carlsbad, CA; http://www.mobio.com). 16S-V3 rDNA PCR-DGGE and community structure analyses, 
and the cloning and sequencing of individual amplicons were performed as described previously5,6. A 
BLAST search of the Entrez Nucleotides Database (http://www.ncbi.nlm.nih.gov/BLAST/) was performed to 
determine the taxa with the closest 16S V3 rDNA sequence match to the amplicons (bands) analyzed 
from PCR-DGGE. Positive identification of unknown sequences was considered significantly similar 
when 97 to 99% identical to BLAST database sequences.
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Fig 2. Molecular analysis of intestinal bacterial 16S-V3 rDNA isolated from C. intestinalis, H. pyriformis, B. 
echinata, and B. ovifera. A) PCR-DGGE profiles with a ladder of bacterial species with known migration 
distances. Sequenced bands are marked and identified in Table 1. B) Dendrogram of 16S-V3 rDNA banding 
patterns shown in (A). The dendrogram was constructed using Ward’s algorithm14 and Diversity Database 
software (Version 2,2.0; BioRad).__________________________________________________________________

intermediate for H. pyriformis (n = 6) with an average of 17 amplicons, while C. intestinalis exhibited 
the greatest bacterial diversity with an average of 21 amplicons among the eight replicate animals. A 
dendrogram of 16S V3 DNA banding profiles within and among host species was constructed via 
cluster analysis using Ward’s algorithm14 (Fig. 2B). These data demonstrate that bacterial 
communities varied little within each tunicate species, but variability among species was substantial. 
To our knowledge, these data are the first to describe the community structure of the intestinal 
microbiota for any tunicate species, as well as the trend for host specificity in this taxon. The latter 
finding is consistent with increasing evidence from 16S rDNA-based studies for host specificity in 
animal-microbe associations among a variety of vertebrate and invertebrate species1,10,15.
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PCR amplicons can be excised from the gel for sequencing and phylogenetic identification. Thus, 16S 
rDNA PCR-DGGE and combined sequence analyses of the intestinal microbiota enables an objective 
comparison that is unbiased by a presumptive decision on the types of bacteria to be analyzed
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SourceB 
Ci

Phylum, Order____________
Protcobacteria (Alpha), 
Rhizobiales_______________
Proteobacteria (Gamma), 
Alteromonadales__________
Proteobacteria (Alpha), 
unclassified_______________
Firmicutes (Gram" bacteria), 
Entomoplasmatales________
Unclassified, from marine 
sediment__________________
Firmicutes, Lactobacillales

Table 1. 
BandA 

1

Individual 16S rDNA amplicons were excised from DGGE gels and cloned and sequenced to 
phylogenetically identify distinguishing and common intestinal bacteria of H. pyriformis and C. 
intestinalis (Table 1). These results demonstrate that H. pyriformis uniquely harbored bacteria most 
closely related to various members of the Firmicutes phylum, which are included in a restricted group 
of bacterial taxa that possess cytochrome P450 monooxygenases (P450s)2. The P450s constitute one of 
the most diverse enzyme superfamilies, and are involved in a variety of both anabolic and catabolic 
metabolic processes4. Although less well-characterized than the mammalian P450s, some bacterial 
P450s have been shown to be involved in the biosynthesis of antimicrobials and oxidative 
biotransformation of natural compounds or man-made chemicals4.

Each of the three amplicons sequenced from C. intestinalis were most similar to various 
proteobacteria. Relevant to our working hypothesis, it is intriguing that the picture now emerging from 
sequenced bacterial genomes is that many proteobacteria contain large sets of widely divergent genes 
encoding glutathione S-transferase (GST), a key enzyme in phase II biotransformation reactions in 
eukaryotes13. This suggests the possibility of a complex history of gene loss, replacement and 
acquisition by horizontal transfer of GST genes among the diverse proteobacteria. The few bacterial 
GSTs for which substrates are known, are catabolic enzymes with an essential role for growth on 
recalcitrant chemicals, rather than being conjugative enzymes, the typical function of eukaryotic 
GSTs13. For the most part, these were identified as GSTs only after glutathione was shown to be 
required for growth or the corresponding gene was sequenced . Much additional work is required to 
better define the diversity, role and potential evolutionary influence of the bacterial P450s and GSTs. 
To phylogenetically identify C. intestinalis and H. pyriformis symbionts harboring P450 and GST 
genes, we will pursue a metagenomic approach that enables the cloning of large genomic fragments 
from mixed microbial community DNAb. The vector used in this approach is designed to contain, in 
each cloned fragment, both protein-encoding sequences and a phylogenetically-informative end. thus 
enabling direct linkage of specific functions with the responsible phylogenetic groups in the mixed 
microbial community.

Summary of I6S rDNA sequences cloned from the intestinal microbiota of C. intestinalis and H. pyriformis 
Closest Taxon_
A urantimonas coralicida 
(AY065627)___________________
Shewanella sp.
(AJ563805)___________________
Uncultured a proteobacterium
(AF509578)____________________
Entomoplasma lucivorax
(AF547212)____________________
Uncultured bacterium clone
(AY171315)___________________
Leuconostoc pseudomesenteroides 
(X95979)______________________
Mycoplasma coll is
(AF538681)____________________

‘PCR-DGGE bands as numbered in Fig. 2.
Ci, Ciona intestinalis; Hp, Halocynthia pyriformis. Bold indicates host of sequenced clone.
Taxon and corresponding accession number of the closest 16S-V3 rDNA sequence match to the cloned amplicons 

(bands) as determined via a BLAST search of the Entrez Nucleotides database (http://www.ncbi.nlm.nih.gov/ 
BLAST/).

DPercent similarity of sequenced 16S-V3 PCR-DGGE amplicons to sequence of closest taxon.

% Similarity0 
172/196, 
(88%) 

194/196 
(99%) 

191/196 
(97%) 

172/196 
(88%) 

169/196 
(86%) 
169/196 
(86%) 
51/196 
(26%)

http://www.ncbi.nlm.nih.gov/
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On the host side, comparative analysis of the human (http://www.ncbi.nlm.nih.gov/genomc/guidc/human/) 
and C. intestinalis (http://genome.jgi-psf.org/ciona4/ciona4.home.html) genomes revealed 392 and 94 
cytochrome P450 genes, respectively. Thus, the cytochrome P450 content of the human genome is 
approximately four-fold greater than that of C. intestinalis. Moreover, the GST (alpha, mu, and omega 
classes) content of the human genome (214 entries) is approximately seven-fold greater than that of C. 
intestinalis (32 entries). The 160 million base pair C. intestinalis genome contains approximately 
16,000 protein-coding genes, which is similar to the number found in the model organisms Drosophila 
melanogaster (~ 14,000) and Caenorhabditis elegans (-19,000), but roughly half the number estimated 
to be present in the human genome (~30,000)3. Consistent with the reduced content of P450 and GST 
genes, most genes present as multiple copies in vertebrates only have a single representative in Ciona*. 
We are now pursuing phylogenomic approaches to gain insight into the potential role of the Ciona 
P450 and GST genes. It is predicted that this information together with knowledge of the P450 and 
GST gene families in their bacterial symbionts will verify that Ciona is an additional, easily accessible 
model organism that will enable a better understanding of the phylogenomics and functions of 
biochemical detoxification systems.
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