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Secondary metabolites are ubiquitous in bacteria, but by defini-
tion, they are thought to be nonessential. Highly toxic secondary
metabolites such as patellazoles have been isolated from marine
tunicates, where their exceptional potency and abundance implies
a role in chemical defense, but their biological source is unknown.
Here, we describe the association of the tunicate Lissoclinum pa-
tella with a symbiotic α-proteobacterium, Candidatus Endolissocli-
num faulkneri, and present chemical and biological evidence that
the bacterium synthesizes patellazoles. We sequenced and assem-
bled the complete Ca. E. faulkneri genome, directly from metage-
nomic DNA obtained from the tunicate, where it accounted for
0.6% of sequence data. We show that the large patellazoles bio-
synthetic pathway is maintained, whereas the remainder of the
genome is undergoing extensive streamlining to eliminate un-
needed genes. The preservation of this pathway in streamlined
bacteria demonstrates that secondary metabolism is an essential
component of the symbiotic interaction.
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As symbiotic relationships between animals and bacteria be-
come more exclusive and specific, the symbiont’s genome

can undergo a process of reduction, where functions required for
independent life (but not life within the host) are lost (1). Those
functions that are beneficial to the host are maintained and are
clearly discerned through genome sequencing. For example,
several insect symbionts are found to contain biosynthetic genes
for amino acids essential to the host and not found in the host’s
diet (1, 2). Symbiotic bacteria within higher animals are often
implicated as the sources of bioactive secondary metabolites (3),
particularly in the marine environment. Although some of these
compounds have been shown to be protective for the host (4–8),
the identity of the producers and the importance of metabolites
to the symbiotic relationship mostly remain obscure. The term
“secondary metabolite” itself is derived from the idea that these
products are nonessential to life (9), yet secondary metabolite
pathways are ubiquitous in bacteria, accounting for up to 10% of
some genomes (10), and bioactive compounds such as antibiotics
and cytotoxics clearly confer a survival advantage.
Lissoclinum patella, a colonial filter-feeding tunicate found

throughout the tropical Indo-Pacific (Fig. 1 A and B), is a
promising model for studying the importance of secondary
metabolites in symbiosis. Like other tunicates, L. patella is a rich
source of potentially bioactive drugs and drug leads (11), which
in a few cases are known to be produced by symbiotic bacteria (7,
8). Beyond the major symbiont, the cyanobacterium Prochloron
didemni, L. patella harbors a complex microbiome (12). Some
L. patella samples contain highly potent cytotoxic polyketides,
patellazoles (13–15) (IC50 332 pM, KB cells; Fig. 1C), for which
the source was unknown. Here, we take a comprehensive ap-
proach to identify the patellazole producer, an α-proteobacte-
rium that uniquely maintains a large secondary biosynthetic
pathway despite undergoing extensive genome reduction. These
results provide definitive evidence for a symbiotic interaction
based entirely on essential secondary metabolism.

Results
Identification of a Symbiont Associated with the Production of
Patellazoles. L. patella consists of many zooids embedded in a
common tunic, surrounding a cloacal-peribranchial cavity (16).
P. didemni invariably inhabits the L. patella cloacal cavity, where it
makes secondary metabolites (17). However, the presence of
patellazoles is highly sporadic (15, 18). We previously sequenced
the genome of P. didemni and obtained >4 Gbp of sequence from
the tunic and cloacal cavity habitats from both patellazole-con-
taining and patellazole-negative animals (12). In the present study,
we made a >30 Gbp DNA clone library from these habitats that
we screened for the presence of potential patellazole biosynthetic
genes. Our screening strategy was based on the hypothesis that
patellazoles would be derived from multiple acetate units and
made by a type I polyketide synthase (PKS) pathway (19). The
thiazole ring was anticipated to arise from incorporation and
subsequent cyclization of a cysteine unit by a nonribosomal pep-
tide synthetase module (20). Surprisingly, exhaustive screening by
multiple methods failed to convincingly locate patellazole bio-
synthetic genes either in P. didemni or in the tunic-cloaca habitats
(SI Appendix). Therefore, we turned our attention to the tiny
zooids (length ∼1 mm). PCR amplification showed that zooids are
dominated by genes consistent with patellazole biosynthesis,
whereas other habitats in the tunicate are not (SI Appendix, Figs.
S1 and S2). These genes encoded PKS proteins from the trans-
acyltransferase (trans-AT) family (19, 21).
Shotgun sequencing of DNA from the zooids fraction (SI Ap-

pendix, Table S1), followed by bioinformatics analysis and PCR
verification, allowed the assembly of a 1.48-Mbp circular chromo-
some (Fig. 2). The chromosome contained a complete 86-kbp trans-
AT PKS pathway (Fig. 3). Analysis of the genome and phylogenetic
analysis of the 16S rRNA gene sequence allowed us to propose
a species and genus designation, Candidatus Endolissoclinum faul-
kneri. The 16S rRNA gene ofCa. E. faulkneri is most closely related
(94% identity) to that of the recently described genus Thalassobac-
ulum (22), which are free-living marine α-proteobacteria (Fig. 4A).
The patellazole biosynthetic pathway (ptz) was the only sec-

ondary metabolism sequence encoded in the Ca. E. faulkneri
genome, and it closely matched the prediction for patellazole
biosynthesis (Fig. 3 and SI Appendix, Table S2). To further
confirm the association of ptz with patellazoles, we compared 10
L. patella samples from across the tropical Pacific by using mul-
tiple chemical and biological approaches (Figs. 1C and 5 and SI
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Appendix, Figs. S3–S5). Three samples (L2, L3, and L5) contained
patellazoles, whereas seven did not. All three patellazole-positive
samples were highly enriched both for ptz and the Ca. E. faulkneri
16S rRNA gene, whereas these genes were completely absent
from patellazole-negative samples (Fig. 5 A and B and SI Ap-
pendix, Table S3).
We also investigated the microbial diversity within the different

tissues of L2, L5, and L6 by 454 pyrosequencing of 16S rRNA
genes. In both L2 and L5, Ca. E. faulkneri represents a large
portion of the community in the zooids fraction (11.3% and 41.2%,
respectively), but we did not find a single instance of the Ca. E.
faulkneri 16S rRNA gene sequence in 20,000 reads from the three
tissue fractions of L6 (Fig. 5B and SI Appendix, Table S3). Tellingly,
samples L5 and L6 were collected within 250 m of each other in the
Eastern Fields of Papua New Guinea; L5 contained patellazoles,
whereas L6 did not. Both samples are nearly identical by tunicate
phylogeny using 18S rRNA (Fig. 4B), by COX1 (SI Appendix, Fig.
S6) markers, and by microbial community (SI Appendix, Table S3).
Every bacterial strain present in L5 at >1% 16S sequence abun-
dance was also present in L6, with the exception ofCa. E. faulkneri.
Because of this extremely close relationship, L6 constitutes a nat-
urally occurring “virtual knockout,”which provides strong evidence
of the connection between Ca. E. faulkneri, the patellazoles
pathway, and the presence of the compounds. Through micro-
scopic examination using fluorescence in situ hybridization (FISH)
with a probe specific toCa. E. faulkneri, we localized clumps ofCa.

E. faulkneri to zooids in patellazole-positive sample L5 (Fig. 5 C–
E), whereas Ca. E. faulkneri could not be found in patellazole-
negative sample L6.Ca. E. faulkneri was observed in the hemocoel
of the zooids, where amorphous bacteria could be visualized by
TEM within specialized tunicate bacteriocytes (Fig. 5 F and G).

Genome Streamlined for Secondary Metabolite Synthesis. The 1.48-
Mbp genome of Ca. E. faulkneri (Fig. 2) showed many of the
hallmarks of genome reduction, which is thought to be a conse-
quence of very small effective population sizes in host-specific
symbionts (1). In these circumstances, purifying selection is very
weak, leading to progressive loss of genes through deletion bias and
Muller’s ratchet (23). The genome was completely closed and
lacked any gaps or stretches of unknown nucleotide sequence, and
no possible plasmids were detected (see SI Appendix for details).
Predicted proteins in the chromosome were most related to those
from the genome of cultivated marine α-proteobacterium BAL199
(ABHC00000000). In fact, nearly all Ca. E. faulkneri proteins with
predicted function were ∼60% identical to their homologs in
BAL199. Only 63 nonhypothetical genes in the Ca. E. faulkneri
genome lacked a BAL199 homolog (SI Appendix, Table S4). Of
those genes, 41 are directly explained by the needs of the symbiosis:
18 encompass the ptz pathway, 17 encode transporters, and 6 are
related to a fix operon low-oxygen tension cytochrome oxidase
system, reflecting low intracellular oxygen tension. The remaining
22 genes encode mostly proteins with predicted domains, but not
predicted substrates. Therefore, we obtained the raw draft as-
sembly of BAL199 and analyzed it in parallel with that of Ca. E.
faulkneri. The comparison is telling:Whereas the BAL199 genome
is 6.1Mbp with 6,107 predicted genes, theCa. E. faulkneri genome
only encodes a predicted 783 genes (Table 1 and SI Appendix,
Table S5). The GC content of Ca. E. faulkneri is much lower than
BAL199 (34% versus 65%). This disparity is consistent with a
general trend toward higher AT content in obligate intracellular
symbionts, which is thought to be a result of (G/C)→(A/T) muta-
tion biases (1). The coding density of the chromosome is also very
low at 57% (versus a bacterial average of 85–90%; ref. 24), with

Fig. 1. Patellazoles are only found sporadically in the tunicate L. patella. (A)
Photograph of L. patella sample L3 at collection site (courtesy of C. M. Ire-
land, University of Utah). The green color is due to photosynthetic P.
didemni. (B) L. patella is a colonial ascidian containing individual zooids (1)
surrounding shared cloacal-peribranchial cavities (2) that contain P. didemni
(green circles). Zooids filter feed, excreting waste into the cloacal cavities
(direction shown with blue arrows). (C) Structure of the patellazoles and sites
of L. patella collections, showing locations of patellazole-containing samples.

Fig. 2. Circular map of the genome of Ca. E. faulkneri L2 and genome
features. Circles correspond to the following (from outermost, scale is in
kbp): (i) protein-coding genes in the genome. Colors indicate results from
BLASTP searches in GenBank (red: top hit is BAL199; green, BAL199 not in
top 100 hits); (ii) GC% using a 500-bp window size; (iii) Select highlighted
features, blue: genes assigned to patellazole biosynthesis, black: tRNAs and
other ncRNAs, orange: rRNA genes; (iv) plot of GC skew (G − C)/(G + C) using
a 500-bp window size; (v) codon adaptation index (CAI), plotted for each ORF,
using nonhypothetical genes to calculate reference RCSU and w values (36).
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a disparity in theGC content between coding (40%) and noncoding
(25%) regions. Indeed, many hypothetical ORFs called by auto-
matic annotation were both shorter than the majority of coding
sequences and had the GC content of noncoding regions (SI Ap-
pendix, Fig. S7) and, therefore, we believe they are nonfunctional.
Low coding densities are characteristic of genomes in early stages
of genome reduction (24), because a high degree of genomic drift
seen in these stages leads to a proliferation of pseudogenes. In-
deed, by comparing sections of the ptz pathway in L5 and L2, we
found an extremely high evolution rate as measured by the ratio of
nonsynonymous to synonymous mutations (1.00; SI Appendix, Fig.
S8) (24). Genome reduction appears to be at a much later stage
than other low-density genomes, such as the mutualist Sodalis
glossinidius, which has a coding density of 51% but a much larger
genome than Ca. E. faulkneri (4.2 Mbp vs. 1.48 Mbp) (25). Al-
though S. glossinidius contains many pseudogenes with homology
to known proteins (25), Ca. E. faulkneri contains relatively few
recognizable pseudogenes (SI Appendix, Table S6).
Streamlined genomes are found in intracellular pathogens (26)

and even free-living bacteria (27, 28). By contrast, certain features

distinguish obligate symbionts from bacteria with other lifestyles,
principal among which is the loss of control over replication and
division accompanied by an exclusively vertical mode of trans-
mission. Much like symbionts with extremely reduced genomes (1),
Ca. E. faulkneri lacks both dnaA and ftsZ, which are involved in
chromosomal replication and cell division, respectively (29, 30).
These genes are maintained even in the free-living bacterium with
the smallest genome,Mycoplasma genitalium (27). The genome also
completely lacks elements for horizontal transfer, without recog-
nizable viral, plasmid, or transposon sequences, whereas BAL199
contained 285 genes in this category (SI Appendix, Table S5). As
with other obligate symbionts, where regulatory mechanisms are
typically lost (1), Ca. E. faulkneri has no signal transduction path-
ways and a low number of transcription factors, compared with 309
genes involved with regulatory functions and signal transduction in
BAL199 (SI Appendix, Table S5).
The functions that are maintained in Ca. E. faulkneri are

entirely in line with the minimal gene set of obligate symbionts
(SI Appendix, Table S7) (1). In addition, functions that are useful
to the host are maintained. For example certain insect symbionts

Fig. 3. Proposed patellazoles biosynthetic pathway. The trans-AT PKS pathway contains 14 modules, with proposed repeated use (stuttering) of module 3 (PtzA)
and use of the startingmodule of PtzF to produce the side chain. Predictions of structures accepted byKSs by phylogenetic analysis (SI Appendix, Fig. S11) are shown
above the domains, as are predications for KR stereospecificity (SIAppendix, Fig. S14 and Table S11). A, adenylation; ACP, acylcarrier protein, also denotedby afilled
black circle (predicted active) or a filled gray circle (predicted inactive); AT, acyltransferase; C, condensation; Cy, condensation/cyclization; DCR, 2,4-dienoyl-CoA-
reductase; DH, dehydratase; ECH, enoyl-CoA-reductase; ER, enoyl-reductase; HMGS, 3-hydroxy-3-methylglutaryl-CoA synthase; KR, ketoreductase; KS, ketosynthase;
MOX, flavin monooxygenase; MT, C-methyltransferase; OMT, O-methyltransferase; OX, thiazoline oxidase; P450, cytochrome P450; TE, thioesterase.
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(31, 32) harbor biosynthetic pathways for amino acids and other
products such as carotenoids (33) not available to the host. In
Ca. E. faulkneri, >10% of the coding sequence is devoted to
a single secondary metabolite pathway for producing patella-
zoles. This pathway consists of 18 genes that are almost all re-
lated to other proteins in trans-AT PKS pathways (Fig. 3 and SI
Appendix, Table S2). The maintenance of such a large pathway
indicates its importance to the symbiosis, whereas we were un-
able to find pathways for other potentially useful products such
as the amino acids phenylalanine, tryrosine, tryptophan, valine,
isoleucine and leucine, which cannot be synthesized by eukary-
otic hosts (34). Based on current models of genome reduction,
this result implies that if the ptz pathway were lost, the symbiont
would not be maintained within the host.
In some cases, relationships between vertically transmitted

symbionts and their animal hosts are thought to be ancient
associations where both parties have coevolved over extended
periods of time (35). We found evidence of coevolution of tunicate
hosts, by examining the phylogenetic relationship of tunicate
marker genes (18S rRNA and the mitochondrial cytochrome c
oxidase subunit I gene) in patellazole-containing and patellazole-
negative animals (Fig. 4B and SI Appendix, Fig. S6). In both trees,
all patellazole-containing samples fell into a distinct clade among
L. patella that we term “group B”, although only a small number of
patellazole-containing animals were available to construct the tree.

Genes in the ptz Pathway Are Not Recent Horizontal Acquisitions.
Only a small subset of proteins present in BAL199 are also found
in Ca. E. faulkneri, and the two bacteria are substantially dif-
ferent on the nucleotide level such that alignment of the two
genomes was impossible. Analysis of the positions of protein
homologs on draft BAL199 genome contigs did not reveal any
synteny beyond a few conserved operons (SI Appendix, Fig. S9).
ORFs in the two organisms possess different codon use, as
measured by codon adaptation index (CAI; SI Appendix, Fig.
S10) (36), reflecting the drift toward AT-rich sequence in Ca. E.
faulkneri. Importantly, genes of the ptz pathway have typical CAI
values compared with the rest of the genome (SI Appendix, Fig.
S10), indicating that they are not likely to be recent horizontal
acquisitions. In contrast to most bacteria, horizontally acquired
genes are not found in obligate symbionts with reduced genomes,
which have been shown to maintain near-perfect synteny over vast
timescales (37). Whereas late-stage symbiont genomes exhibit
fixed synteny, earlier stages of host restriction are characterized by
proliferation of mobile elements and widespread genome rear-
rangements (1). Genes in the ptz pathway are fragmented across
seven distinct loci and likely were introduced before early stages in

the symbiosis and before gene order became fixed. As nonessential
genes were lost (and continue to be lost, e.g., dnaA), ptz remained
and retained its function. Coregulation of functional units (38)
and ease of horizontal transfer (the “selfish operon” model) (39)
are two factors thought to drive selection toward gene clustering.
The loss of regulation mechanisms and curtailing of horizontal
transfer in early-stage symbionts likely contribute to fragmenta-
tion of previously clustered genes.

Model for Patellazoles Biosynthesis. The putative patellazoles
pathway contains five trans-AT PKS proteins (PtzFAEBCD),
along with various accessory proteins including two acyl-
transferases (ATs, PtzKL; SI Appendix, Table S2). This recently
described type of PKS protein does not contain an AT domain
in each module, as in most cases, but instead ATs on a separate
protein load malonate units onto acyl-carrier proteins (ACPs)
on the PKS (21). Further accessory proteins are present
that would be responsible for β-methylation at position 5
(PtzHIJG), in analogy to the bacillaene pathway (40), and for
in trans enoyl reduction (PtzQ), as found in the corallopyronin
pathway (40, 41), among others (SI Appendix, Table S2). De-
spite being distributed in separate loci, the ptz genes clearly
belong to the same biosynthetic pathway. The standalone ATs
are required for the function of trans-AT PKS proteins, but
they are not close to PKS proteins. Likewise, some members of
the β-methylation apparatus are found far from any PKS pro-
teins. The ptz genes encode among the only proteins in the
chromosome that are not highly related to homologs in
BAL199 (Fig. 2 and SI Appendix, Table S4). They are also the
only secondary metabolic genes encoded on the genome (SI
Appendix, Table S5), and the majority show homology to PKS
or accessory proteins from a specific type of pathway contain-
ing trans-AT PKSs. Additionally, genes found on separate loci
do not form discrete units that could act independently.
Our model for patellazole biosynthesis is shown in Fig. 3,

and a detailed description is presented in SI Appendix. In
support of the assignment, we applied phylogenetic analysis to
the ketosynthase (KS) domains of the PKS proteins (SI Ap-
pendix, Fig. S11 and Table S8), following recent work that has
shown that in phylogenetic analysis of trans-AT PKS pathways,
KS domains group largely according to the structure accepted
by each KS (42). These predictions, where possible, are en-
tirely consistent with proposed intermediates. One of the most
compelling mysteries about patellazoles biosynthesis is the
presence of two β-γ cis-double bonds, which are rare in PKS-
produced molecules. In our model, β-γ cis-double bonds would
be synthesized from a thioester-conjugated 1,3-diene by the

Fig. 4. Relationship of Ca. E. faulkneri to other
α-proteobacteria and to host tunicate phylogeny.
(A) Phylogenetic tree based on 16S rRNA gene
sequences of α-proteobacteria, showing enlarge-
ment of the clade containing Ca. E. faulkneri from
three L. patella animals, L2, L3, and L5. Colored
squares indicate the source of 16S rRNA gene
sequences: red, cultured marine isolate; purple,
uncultured terrestrial clone (oil-contaminated soil);
blue, uncultured marine clone; green, uncultured
marine symbiont clone. The full tree can be found in
the SI Appendix, Fig. S15). (B) Phylogenetic tree
based on 18S rRNA gene sequences of tunicates
referred to in this study along with others from
public databases. Patellazole-containing L. patella
animals, highlighted in yellow, fall into a distinct
clade we refer to here as “group B,” indicating that
Ca. E. faulkneri may be specific for this group. The
presence of L6 in this group, which does not contain
patellazoles or Ca. E. faulkneri indicate that the
presence of this symbiont is not necessary for the
survival of the tunicate.
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action of PtzO, which lacks similarity to known trans-AT PKS
accessory proteins, but is similar to characterized 2,4-dienoyl-
CoA-reductases (43). Under this hypothesis, PtzO must act in
trans with the PKS to synthesize the cis-double bond during chain
elongation. This model is further supported by extensive phylo-
genetic analysis of dehydratase (DH) domains (SI Appendix,
Figs. S12 and S13). Overall, the biosynthetic model is in excellent
agreement with the patellazoles structures and strongly supports
the assignment. Finally, this analysis allowed prediction of the
absolute configuration of four stereocenters, potentially aiding
drug development efforts.

Discussion
Symbiotic relationships between bacteria and their hosts exist on
a spectrum between casual associations (frequently nonspecific)
and mutual codependency, such as the extreme case of organ-
elles in eukaryotic cells (44). Progressive host restriction ulti-
mately reduces the effective population size of the symbiont. In
such a situation, purifying selection is weak, allowing fixation of
mildly deleterious mutations (23), eventually leading to pseu-
dogene formation and genome reduction due to deletion bias
(45). P. didemni is only somewhat host restricted, because it can
live in multiple species of didemnid tunicate (16). The genome of
P. didemni does not show signs of reduction (12), and although it
has never been successfully cultured, genome analysis suggests
that it is transmitted horizontally and vertically. P. didemni syn-
thesizes cyclic peptide secondary metabolites known as cyano-
bactins (8), which could contribute to chemical defense, but
there are other potential symbiotic functions for this organism.
Other functions are connected to central metabolism: photo-
synthesis, nitrogen waste recycling, and lipid production (12).
In contrast, Ca. E. faulkneri is in a more advanced state of host

restriction, as yet only being found in a subgroup of L. patella.
The extent of genome reduction suggests that the bacterium
could not live independently of the host and is transmitted ver-
tically, potentially coevolving with L. patella over an extended
period. Against the drive of reduction, the patellazoles pathway
is maintained, indicating its importance to the symbiotic re-
lationship. The patellazoles are highly toxic to eukaryotic cells
and found in high amounts in L. patella (0.1% dry weight) (15),

Fig. 5. Localization of Ca. E. faul-
kneri and the patellazoles path-
way. (A) Detection of the Ca. E.
faulkneri 16S rRNA sequence, the
ptz pathway, and the P. didemni
CAO gene in zooid fractions of six
L. patella animals by quantitative
PCR and conventional PCR. (B)
Classification of phylogeny of 16S
rRNA gene sequences obtained by
454 amplicon sequencing, showing
the content of Ca. E. faulkneri 16S
rRNA (red, defined as sequences ≥
98% identity to the Ca. E. faulkneri
L2 16S rRNA sequence). (C) Bright-
field view of a cross-section of a
single zooid (L5) within the tunic,
with a red box indicating the area
shown in D. (D) Fluorescence in situ
hybridization (L5) using a probe
specific for Ca. E. faulkneri 16S rRNA
(Ptzsymb646-033, green). (E) Nega-
tive control (L5) using a mismatch
probe (Ptzsymb646NON, green). In
D and E, the red channel is tissue
autofluorescence. (F) Histological
section of L2 stained with toluidin
blue showing cells within a zooid,
including bacteriocytes shown with
red arrows. (G) TEM image (L2) of
a single bacteriocyte, showing the
cell nucleus and individual bacterial
cells shown with red arrows.

Table 1. Comparison of Ca. E. faulkneri and BAL199 genomes

Ca. E. faulkneri BAL199*

Length, Mbp 1.48 6.1
% coding (length) 57.2 89.7
GC% (coding) 40.9 65.7
GC% (noncoding) 25.1 59.3
No. of nonhypothetical genes† 688 4,408
No. of hypothetical genes† 95 1,699
% secondary metabolite genes (length) 10.2 0.9

*Here, the BAL199 genome refers to the raw assembly contigs retrieved
from NCBI. For direct comparison, these contigs and Ca. E. faulkneri were
annotated by using the same procedure (SI Appendix).
†Genes called by automatic annotation that were less than 150 bp in length
and less than 30% GC were discounted (SI Appendix, Fig. S7).
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yet we found no evidence of injury or necrosis by microscopic
examination. The tunicate may be adapted to tolerating large
concentrations of patellazoles, and the compounds probably
have a role in chemical defense of the animal. Patellazole B is
more toxic to human cells than biosynthetically related com-
pounds, bryostatins (46) and pederins (4), which are produced by
bacterial symbionts of bryozoans and insects, respectively, and
are both known to have defensive properties.
Here, we describe a symbiotic bacterium in which genome

streamlining has eliminated most functions, with the remaining
genome focused on the production of a toxic secondary metab-
olite. This result demonstrates the importance of chemical de-
fense in maintaining this symbiosis, and it provides compelling
evidence that secondary metabolism can be essential.

Materials and Methods
Tunicate Collection and Preservation. Animals were collected at the locations
indicated in SI Appendix, Table S9 at 1–5 m depth. Typically part of the
animals was preserved in RNAlater at −20 °C, whereas the rest was frozen
for later chemical extraction. In addition, L2 was fixed in 2% (wt/wt) glu-
taraldehyde in artificial seawater for 2–4 h and then transferred to 0.5%
glutaraldehyde for storage. For the 2011 collection, which includes L5 and

L6, animals were also fixed according to the following protocol. Solid
paraformaldehyde (4.0 g) was dissolved in 40 mL of hot (60 °C) deionized
water. Solid NaOH was added to aid dissolution, then the solution was
chilled on ice. The pH of the solution was corrected to 7.2 using ethanoic
acid and then brought up to volume with 10× marine PBS. The resulting
fixative was filtered through a 0.2-μm syringe filter and used fresh. Samples
were fixed for ∼2−4 h at room temperature, then the fixative was replaced
with 70% (vol/vol) EtOH in water.

Other Experiments. Additional methods, along with supporting tables, fig-
ures, and source code are available in SI Appendix.
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