
octadecanoid-dependent transcriptional re-
sponses (fig. S3) (17). Of the 240 N. attenu-
ata genes spotted on the microarray, 54 genes
showed significantly increased LOX3-
dependent transcript accumulation after Em-
poasca damage and 50 showed decreased
accumulation (table S3). A series of defense-
related genes, such as trypsin proteinase in-
hibitor (TPI) and threonine deaminase, had
increased expression levels, whereas others,
such as xyloglucan endotransglucosylase/
hydrolase or GAL83 and many of the
photosynthesis-related genes (e.g., small sub-
unit of ribulose bisphosphate carboxylase),
were down-regulated in response to Em-
poasca attack and showed little if any regu-
lation in as-lox plants (table S3). These
results suggest that a complex LOX3-
dependent regulation of primary and second-
ary metabolism in N. attenuata mediates re-
sistance to the piercing-sucking Empoasca
leafhoppers. The fact that octadecanoid sig-
naling plays a role in plant defense against
both piercing-sucking and leaf-chewing in-
sects suggests a common response to attack
from members of these two feeding guilds.
Moreover, LOX3-dependent octadecanoids
may play a direct role in host-plant selection
by enabling herbivores to differentiate be-
tween plants with and without intact JA sig-
naling, as shown in experiments with the corn
earworm, Helicoverpa zea. This generalist
herbivore uses induced JA and salicylate to
activate four of its cytochrome P450 genes
that are associated with detoxification either
before or concomitantly with the biosynthesis
of allelochemicals (29).

In addition to M. sexta, which was af-
fected by LOX3-mediated plant resistance
traits, we found a novel leaf-chewing her-
bivore on N. attenuata, the leaf beetle Di-
abrotica undecimpunctata tenella Le Conte
(fig. S2C). It often feeds on D. wrightii and
Cucurbita foetidissima flowers in the study
area and was observed on N. attenuata
plants exclusively in this study and only on
as-lox plants. To test whether or not this
clear preference in the field is caused by the
decreased expression of LOX3, we allowed
the beetles to choose between WT and as-
lox plants. The choice experiment revealed
a clear preference for as-lox plants com-
pared to WT plants (paired Student’s t test,
t � �4.050, P � 0.003) (Fig. 4).

Our results show that the LOX3-mediated
inducibility of plants is crucial for the ovipo-
sition decision and for the opportunistic host
selection behavior of Empoasca sp. and D.
undecimpunctata, and thereby defines host
breadth. Therefore, host selection seems
determined not only by the plant’s constitu-
tively expressed chemical phenotype and ex-
ternal mortality factors (predation pressure,
abiotic stress) (30) but also by the plant’s
ability to induce responses to herbivory. The

additional finding that induced responses to
herbivory influence the distribution of her-
bivory within a plant community points to the
value of genetically silenced plants in ecolog-
ical research. An understanding of the eco-
logical interactions that occur in nature is
essential for sustainable agriculture.
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Osedax: Bone-Eating Marine
Worms with Dwarf Males
G. W. Rouse,1,2* S. K. Goffredi,3* R. C. Vrijenhoek3†

Wedescribe a new genus,Osedax, and two new species of annelids with females
that consume the bones of dead whales via ramifying roots. Molecular and
morphological evidence revealed that Osedax belongs to the Siboglinidae,
which includes pogonophoran and vestimentiferan worms from deep-sea vents,
seeps, and anoxic basins. Osedax has skewed sex ratios with numerous dwarf
(paedomorphic) males that live in the tubes of females. DNA sequences reveal
that the two Osedax species diverged about 42 million years ago and currently
maintain large populations ranging from 105 to 106 adult females.

Deep-sea exploration continues to reveal bi-
ological novelties (1) such as whale fall com-
munities (2). Here, we describe remarkable
polychaete annelids, Osedax gen. nov. (nov.),
discovered in January 2002 on the bones of a
gray whale carcass at 2891 m depth in
Monterey Bay, California (3). Their conspic-
uous red plumes extended from most exposed
portions of the whale bones (Figs. 1A and
2A). Colonies of these worms comprised two
species, Osedax rubiplumus sp. nov. and O.

frankpressi sp. nov., that we describe along
with the new genus. Nucleotide sequence
analysis revealed that the two Osedax species
differed by 17.28 � 0.21% (x̄ � SD) for mito-
chondrial COI, by 7.63 � 0.46% for mito-
chondrial 16S rRNA, and by 4.09 � 0.04%
for nuclear 18S rRNA (4). On the basis of a
molecular clock calibrated for COI in deep-
sea annelids (5), O. rubiplumus and O. frank-
pressi diverged about 42 million years ago
(Ma) (4 ), in the late Eocene, when their
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ancestor may have exploited the bones of
archeocete whales such as Basilosaurus
(6 ). Phylogenetic analysis (Fig. 3) placed
Osedax in the family Siboglinidae (7, 8),
which includes frenulate and vestimentif-
eran tubeworms that also lack digestive
systems (9, 10).

Unlike other siboglinids, female Osedax
lack a discrete trophosome, the organ housing
symbiotic bacteria in vestimentiferans and
pogonophorans. Instead, Osedax possess a bul-
bous posterior ovisac covered by a sheath of
green-colored tissue that branches into a vascu-
larized “root” system and invades the bone
marrow (Figs. 1, C and H, and 2, C, D, and F).
This branching root system is histologically
distinct and not homologous with the singular
chitinous root tube found in some Lamellibra-
chia vestimentiferans (11). Microscopic and
molecular analyses (12) of this sheath revealed
bacteriocytes (Fig. 1J) containing large rod-
shaped bacteria of the microbial order Oceano-
spirillales, known for heterotrophic degradation
of complex organic compounds. Analyses of
stable isotopes and fatty acids (12) revealed that
the endosymbionts are responsible for the nu-
trition of this worm. This heterotrophic symbi-
osis differs markedly from the chemolitho-
autotrophic symbioses found in other deep-sea
annelids and mollusks that rely on sulfide- or
methane-oxidizing bacterial endosymbionts
(13). This finding of an endosymbiosis involv-
ing heterotrophic degradation in Osedax sug-
gests that the evolutionary history of bacterial
symbioses among the Siboglinidae is more var-
ied than previously suspected (14). Reliance on
the bones of marine mammals, hydrocarbon
degradation, and the unusual morphology of the
symbiont-bearing ovisac and root system of
these worms make this particular symbiotic
association unique in the animal kingdom.

All Osedax visible to the eye were females
that ranged from 0.2 to 0.5 mm in trunk width,
suggesting ongoing recruitment. Females as
small as 0.3 mm wide produced eggs (Figs. 1,
D and F, and 2F). The tubes of individual
females contain numerous microscopic males
(Figs. 1, K to O, and 2G) that were filled with
developing sperm (Fig. 1N) and often contained
yolk droplets (Fig. 2I). These paedomorphic
males retain morphological traits typical of si-
boglinid trochophore larvae (15), including a
ciliary band that appears to be a putative pro-
totroch (Figs. 1L and 2I) and opisthosomal
chaetae (Figs. 1O and 2H). The tubes of larger
females contained up to 111 males each, with a

male-to-female sex ratio of 17:1. Females ei-
ther accumulate males over time or attract more
when larger, because the number of males is
correlated (r � 0.899, P � 0.01) with female
size in O. rubiplumus (16). We hypothesize that
sex may be environmentally determined in
Osedax, with larvae settling on exposed bones
maturing as females and those landing on fe-
males becoming males. Environmental sex de-
termination is known in the echiuran Bonellia
(17), now regarded as a polychaete (18).

Amounts of mitochondrial COI diversity
(�) suggest that the effective female popula-
tion sizes [Ne(f)] range from 5 � 105 in O.
rubiplumus to 9 � 105 in O. frankpressi.

These numbers are of the same magnitude as
estimates of Ne(f) (range of 105 to 106 fe-
males) inferred for deep-sea annelids (4) and
consistent with estimates of Ne(f) from other
invertebrates (19). The large female popula-
tion sizes estimated for these Osedax species
suggest they are common on whale falls.
These numbers also suggest that the frequen-
cy of whale falls has historically been great,
which is consistent with estimates of large
whale populations before modern whaling (2,
20). Their abundance suggests that these
worms might play a substantial role in the
cycling of large organic inputs into the sur-
rounding deep-sea communities.

1South Australian Museum, North Terrace, Adelaide
SA 5000, Australia. 2Earth and Environmental Scienc-
es, University of Adelaide, Adelaide SA 5005, Austra-
lia. 3Monterey Bay Aquarium Research Institute
(MBARI), 7700 Sandholdt Road, Moss Landing, CA
95039, USA.
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†To whom correspondence should be addressed. E-
mail: vrijen@mbari.org

Fig. 1. O. rubiplumus. (A) Bones in situ with emergent worms (arrows). (B) Whale rib with female
worms. (C) Female, tube removed, dissected from bone. (D) Anterior of oviduct with eggs. (E)
Dorsal crown-trunk junction. (F) Lateral trunk base with oviduct emerging from ovisac (arrow). (G)
Transverse section of anterior trunk. Male sits on oviduct (arrow). (H) Lateral ovisac and roots of
holotype. (I) Dwarf males (arrows) in tube with female. (J) Transmission electron micrograph (TEM)
of root tissue with bacteriocytes. (K) Dwarf male with sperm duct (arrow) and spermatids. (L)
Scanning electron micrograph (SEM) of male anterior. (M) Longitudinal section (LS) through male
anterior. (N) Longitudinal TEM section through posterior of sperm head. (O) SEM of posterior hooks
(arrows) on male. (P) LS through hook. (Q) SEM of hook with subrostral teeth (arrow). b, bone; ba
bacteria; c, collar; cm, circular muscle; dbv, dorsal blood vessel; od, oviduct; lm longitudinal muscle;
m, male; op, ovisac projection; os, ovisac; p, palps; pl, plaques; pr, prototroch; r, roots; sd, sperm
duct; st, spermatids; t, trunk; tu, tube; and vbv, ventral blood vessel.
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Systematic description. Annelida, Lamarck
1809; Canalipalpata, Rouse and Fauchald 1997;
Siboglinidae Caullery, 1914. Osedax gen. nov.
Diagnosis. Polychaete worms with females hav-
ing a discrete red crown, contractile trunk, bul-
bous ovisac, and branching roots. Crown and
trunk within transparent tube emergent from
whale bone (Figs. 1, A and B, and 2, A to C).
Crown composed of cylindrical oviduct (Figs.
1D and 2E) plus four pinnule-bearing palps
(Figs. 1C and 2, D and E). No mouth or obvious
gut. Cylindrical trunk composed mostly of lon-
gitudinal muscles and glands. Dorsal heart lies at
anterior region of trunk; major dorsal and ventral
blood vessels present (Fig. 1G). Oviduct paral-
lels trunk surface into posterior ovisac (Figs. 1, C
and F to G, and 2D) filled with numerous white
oocytes. Ovisac enclosed by green sheath (Fig.
2F) composed of epidermis and bacteriocytes
containing bacteria (Fig. 1J). Ovisac sheath con-
tinuous with variably branching posterior roots
(Figs. 1, C and H, and 2D). Vascularized roots
and ovisac (Fig. 2F). No chaetae or segmentation
apparent in females. Paedomorphic males cluster
around oviduct in female tubes (Figs. 1, I and K,
and 2G). Males with anterior prototroch (Figs.
1L and 2I) and posterior hooked chaetae (Figs.
1O and 2H) arranged in two rows of four pairs
(Fig. 1O). Hooks, lacking rostrum, comprise ca-
pitium with curved teeth over subrostral pro-
cess (Figs. 1, P and Q, and 2H). Internally,
males contain spermatids and sperm in anteri-
or duct (Fig. 1, K and M, and 2I). Etymology.
From Latin os, bone, and edax, devouring;
gender masculine. Type species. Osedax

rubiplumus sp. nov. by present designation.
Osedax rubiplumus sp. nov. Type mate-

rial. (21) Monterey Bay, California, Tiburon
dive T486, 36°36.8’N, 122°26.0’W, 2891 m,
8 February 2002: holotype, mature adult fe-
male (CASIZ 170238); allotypes, 38 males
from tube of holotype (CASIZ 170240); para-
types, 10 females and numerous males
(CASIZ 170239), 10 females and numerous
males (LACM-AHF POLY 02146), and 31
females and numerous males (SAM E3376).
Diagnosis. Holotype, emergent body in cy-
lindrical tube, walls 1 mm thick. Contracted
crown plumes 2.1 cm long. Oviduct, filled
with ellipsoid eggs (mean diameters 151 �m
by 121 �m, n � 30). Oviduct extends be-
tween palps, 1.8 cm from trunk. Palps red in
living worms, pinnules on outer margins.
Collar with brown plaques dorsally (Fig. 1E).
Trunk 3.8 cm long, 2 mm wide at collar.
Ovisac, 8 mm by 4 mm by 0.3 mm, with
paired anterolateral projections (Fig. 1C) and
four discrete roots posteriorly. Roots with
spherical lobes (Fig. 1H). Allotypes 0.4- to
1.1-mm-long males. Putative prototroch in-
complete (Fig. 1L). Posteriorly, 16 hooks
with capitium teeth emergent; handles 18 to
23 �m (Fig. 1P). Capitium with six to eight
teeth; two smaller subrostrumal teeth (Fig.
1Q). Etymology. From Latin rubi, red, and
pluma, feather.

Osedax frankpressi sp. nov. Type material.
(21) Monterey Bay, California, Tiburon dive
T610, 36°36.8’N, 122°26.0’W, 2891 m, 7 Au-
gust 2002: holotype, mature adult female

(CASIZ 170235); allotypes, 80 males from tube
of holotype (CASIZ 170237); paratypes, three
females (CASIZ 170236), three females
(LACM-AHF POLY 02147), three females
(SAM E3377). Diagnosis. Holotype, emergent
body in gelatinous hemispherical tube, 7-mm
diameter. Contracted crown plumes 0.95 cm
long. Oviduct filled with ellipsoid eggs
(mean diameters 146 �m by 117 �m; n �
15), Oviduct convoluted upon contraction,
extending between palps, 3 mm from trunk
(Fig. 2, D and E). Palps red with two longi-
tudinal white stripes in living worms (Fig.
2A); pinnules on inner margins. Trunk 4.5
mm long, 0.9 mm wide, and marked by
white thickened tissue at anterior (Fig. 2E).
Green, bacteriocyte-filled sheath forms
trunk-ovisac junction 1.2 mm long, 1 mm
wide (Fig. 2D). Lobulate ovisac, 6.5 mm by
5 mm by 3 mm (Fig. 2F). Ovisac and roots
inflated with clear fluid in situ in bone (Fig.
2C); fluid lost on extraction. Allotypes,
0.15- to 0.25-mm-long males (Fig. 2, G and
I). Chaetae with hooks and handles 15 to 21
�m (Fig. 2H). Capitium with five teeth; no
subrostral teeth (Fig. 2H). Etymology. In
honor of Dr. Frank Press, former U.S. pres-
idential science advisor, president of the
U.S. National Academy of Sciences, and
chair of the MBARI Board of Directors, for
his distinguished service to science.

Remarks. Females of the two new species
are easily distinguished by the lengths of their
tubes and palp coloration. O. rubiplumus tubes
have a uniform diameter and maintain shape
when removed from the water, whereas O.
frankpressi tubes are gelatinous and collapse in
air. The white-striped O. frankpressi palps con-
trast with the uniform red palps of O. rubiplu-
mus. Females of the two species differ in the

Fig. 2. O. frankpressi. (A) Whale rib in situ with emergent worms. (B) Retracted worms. (C) Female
partly dissected from bone; note fluid-filled ovisac. (D) Female dissected from bone. (E) Crown-
trunk junction. (F) Ovisac with green sheath cut to reveal ovary and blood vessels. (G) Dwarf males
in female tube. (H) Male hooks. (I) Male showing prototroch, developing sperm, and yolk. bv, blood
vessel; y, yolk; otherwise as for Fig. 1.

Fig. 3. Osedax as member of Siboglinidae. Bayes-
ian analyses of 2088 molecular characters from
combined 16S and 18S rDNA (22). Posterior prob-
ability values of 100% indicated by asterisks.

R E P O R T S

30 JULY 2004 VOL 305 SCIENCE www.sciencemag.org670



trunk-ovisac junction, ovisac shape, and rami-
fication of roots. Males of O. frankpressi are
less than one-third the size of O. rubiplumus
males. Male chaetae of O. rubiplumus have
subrostral teeth and more capitium teeth.
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The Complete Genome Sequence
of Propionibacterium Acnes,
a Commensal of Human Skin
Holger Brüggemann,1*† Anke Henne,1 Frank Hoster,1

Heiko Liesegang,1 Arnim Wiezer,1 Axel Strittmatter,1

Sandra Hujer,2 Peter Dürre,2 Gerhard Gottschalk1†

Propionibacterium acnes is a major inhabitant of adult human skin, where it
resides within sebaceous follicles, usually as a harmless commensal although
it has been implicated in acne vulgaris formation. The entire genome sequence
of this Gram-positive bacterium encodes 2333 putative genes and revealed
numerous gene products involved in degrading host molecules, including siali-
dases, neuraminidases, endoglycoceramidases, lipases, and pore-forming fac-
tors. Surface-associated and other immunogenic factors have been identified,
which might be involved in triggering acne inflammation and other P. acnes–
associated diseases.

The details of the involvement of Propi-
onibacterium acnes in acne—the most com-
mon skin disease, affecting up to 80% of all
adolescents in the United States—are still
obscure. Several mechanisms have been pro-
posed to account for its role in the disease
(1–5). First, damage to host tissues and cells
might be accomplished by bacterial enzymes
with degradative properties, such as lipases
(2). Second, immunogenic factors of P. acnes
such as surface determinants or heat shock
proteins (HSPs) might trigger inflammation
(4–6). Other diseases are also associated with
P. acnes, including corneal ulcers; endocar-
ditis; sarcoidosis; cholesterol gallstones; al-
lergic alveolitis; pulmonary angitis; and sy-
novitis, acne, pustulosis, hyperostosis, and
osteitis (SAPHO) syndrome (7, 8). Its ge-
nome sequence may provide a basis for find-
ing alternative targets in therapy for acne and
other P. acnes–associated diseases.

The genome of P. acnes strain KPA171202
(no. DSM 16379) consists of a single circular
chromosome of 2,560,265 base pairs (9, 10)
(supporting online text and fig. S1). We predict-
ed and annotated 2333 putative genes. The
sequenced strain exhibited 100% identity on
the 16S ribosomal RNA level to several clin-
ical P. acnes isolates, as well as to the well-
studied laboratory strain P-37. The main fea-
tures of the genome sequence and comparative
analyses are described in the supporting online
material (supporting online text and fig. S2).

The genome sequence offers insights into the
traits that favor P. acnes as a ubiquitous com-
mensal on human skin. Metabolic reconstruction
reveals a capacity to cope with changing oxygen
tensions, which confirms observations that
strains of P. acnes can grow under microaerobic
as well as anaerobic conditions. The genome
sequence encodes all key components of oxida-
tive phosphorylation that employs two terminal
oxidases, a cytochrome aa3 oxidase (PPA701/
702) and a cytochrome d oxidase (PPA173-176),
and a F0F1-type adenosine triphosphate synthase
(PPA1238-1245). All genes of the Embden-
Meyerhof pathway, the pentose phosphate path-
way, and the tricarboxylic acid cycle are present.
Under anaerobic conditions, strain KPA171202
can grow on several substrates such as glucose,
ribose, fructose, mannitol, trehalose, mannose,
N-acetylglucosamine, erythritol, and glycerol
(11). In addition, several amino acid degrading
pathways, similar to those of fermentative organ-
isms, are present. Fermentative products are
short-chain fatty acids, in particular propionic
acid (11), whose production from pyruvate
and methylmalonyl–coenzyme (CoA) is initial-
ized by the methylmalonyl-CoA carboxyltrans-
ferase (PPA2005-2008). In addition to fermen-
tative energy conservation, P. acnes possesses
systems involved in anaerobic respiration such
as nitrate reductase (PPA507-511), dimethyl sul-
foxide reductase (PPA515-517), sn-glycerol-3-
phosphate dehydrogenase (PPA2248-2250), and
fumarate reductase (PPA950-952 and PPA1437-
1439). Factors that might be involved in the
life-style switch related to oxygen availability, as
well as further aspects of the biology and bio-
chemistry of P. acnes, are presented in the sup-
porting online text.

Numerous genes have been found that can
degrade and use host-derived substances (Table
1 and fig. S3). It has been proposed that free
fatty acids, produced by P. acnes lipase activity
on sebum, assist bacterial adherence and colo-
nization of the sebaceous follicle (2, 12). In
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