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GENOMICS

Blueprints for partnerships
David A. Stahl and Seana K. Davidson

Gutless marine worms harness the resources of a team of bacteria in lieu of 
a digestive or excretory system. A genome-sequence analysis now defines 
the roles of the microbes.

Earth was a planet of microbes long before 
multicellular life appeared and diversified. 
The evolution of all plants, animals and fungi 
has thus been profoundly influenced by micro-
organisms. As a result, many innovative part-
nerships, known as symbioses, have developed 
between microbes and their host species1,2. On 
page 950, Dubilier and colleagues (Woyke et 
al.)3 use the power of genome sequencing to 
reveal a multifaceted partnership between a 
worm and four types of bacterium*.  

The most closely studied relationships 
between animals and microbes are those that 
cause diseases in animals. But there are many 
beneficial associations that are much less stud-
ied and appreciated. The human body contains 
ten times more microbial cells than human 
cells, and our coexistence with microbes is 
generally thought to be useful — perhaps even 
essential — for our development and health4,5. 
Such beneficial interactions can have many 
functions. In all cases of long-established 
associations, both the host and the microbe 
coevolve. The resulting evolutionary changes 
can be so extensive that the association becomes 
essential to both host and microbe ‘symbiont’. 
It is especially challenging to understand the 
complex exchanges between the partners and 
to work out which organism does what, as the 
partners cannot survive separately.

Small, gutless marine worms, distantly related 
to earthworms, are involved in a remarkable 
example of a highly coevolved symbiosis. Found 
in coastal sediments, these worms lack a mouth, 
digestive tract or typical excretory system6,7. 
Instead, they harbour bacteria immediately 
below their outer skin (Fig. 1). These bacteria 

Figure 1 | A bacterial organ. a, Gutless marine worms that live in coastal sediments lack digestive and 
excretory systems. Instead, they rely on bacteria beneath their outer skin, as shown in the cross-section 
of the worm. b, Dubilier and colleagues3 determined the combined genome sequences of four of these 
bacterial species to identify the potential metabolic processes and exchanges occurring in the worm. 
The four species come in two varieties: those that oxidize sulphides (blue) to generate energy, and 
those that reduce sulphates (red) for the same purpose. The energy is used to convert carbon dioxide 
from the environment into organic carbon on which the worm feeds, along with vitamins and amino 
acids (red arrows). Sulphides and sulphates may be obtained externally from different sediments, or 
as metabolic products from the other bacteria (black arrows). The bacteria in turn receive compounds 
from the worm (green arrows). These include molecules that are useful to the bacteria, such as fatty 
acids and polyamines. The bacteria also absorb the toxic waste products urea and ammonia, so the 
worm does not need to excrete these compounds. (Photo courtesy of C. Lott.)

52 kilohertz, but when orbital angular momen-
tum was introduced to the light beams, this 
broadened to 300 kHz — a clear signal of the 
rotational Doppler effect.

Although such phenomena are based purely 
on the equations of nineteenth-century phys-
ics, it has only been realized in the past two 
decades that a light beam generated in the 
laboratory can carry a distinct orbital angu-
lar momentum, in addition to its spin. Many 
resulting phenomena have been reported6 in 
both the classical and quantum regimes: optical 
spanners, for instance, in which light’s angular 
momentum causes microscopic objects to both 

spin and orbit; nonlinear effects whereby the 
conservation of orbital angular momentum 
causes the light beam’s phase to change; and 
Heisenberg-type uncertainty relationships, 
where measurement of angular position sets 
the orbital angular momentum of light. 

The rotational Doppler effect is particularly 
interesting because here the spin and orbital 
components of the angular momentum are 
indistinguishable; instead it is the total angu-
lar momentum of the light beam that is cru-
cial. Astoundingly, more than 100 years after its 
formulation, classical electromagnetism still 
has surprises in store. ■
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can oxidize or reduce sulphur compounds to 
generate the energy used to convert carbon 
dioxide into organic carbon, which  the worm 
then feeds on for growth8.

The association between the worm and 
its symbionts is more complex than initially 
thought. By sequencing the bacterial ribo-
somal RNA genes, Dubilier and colleagues9,10 
previously discovered that the worms stably 
support at least five distinct species of bacteria. 
Bacteria that obtain energy by oxidizing 
sulphides coexist with those that grow in the 
absence of oxygen. The latter obtain energy 

by ‘breathing’ sulphate, producing sulphide as 
a result of this respiration rather than water. 
Other bacteria known as spirochaetes are also 
present, although their function is enigmatic. 
The authors’ model of how these bacteria work 
together to feed the worm was initially based 
on measurements of the intact worm–bacteria 
system and the sequences of a few functional 
genes, but crucial details were lacking. Dubilier 
and colleagues3 now infer the metabolic inter-
actions sustaining this remarkable collabora-
tion by using a genome-sequence analysis.

The authors used DNA obtained from the 
bacteria in the worm tissue to construct a 
library of DNA fragments. This library was a 
random mixture of fragments obtained from all 
five symbionts. The DNA fragments were then 
examined to determine the sequences of their 
nucleotide building-blocks. Fragments collec-
tively containing about 204 million nucleotides 
were analysed in this way. Sequences of about 
3,000 nucleotides each were then assigned to 
different genome types using a method known 
as nucleotide-frequency binning. In this way, 

*This article and the paper concerned3 were published online 
on 17 September 2006.
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the authors assembled two nearly complete 
genomes and two partial genomes of the pre-
dominant symbionts. Gene function in the 
symbionts was inferred by identifying closely 
related genes in other well-characterized 
bacteria. With this information in hand, 
Dubilier and colleagues began to unravel the 
metabolic interactions that form this multi-
species symbiosis.

The four characterized bacterial species 
seem to form a versatile system for supply-
ing the host with organic carbon, amino acids 
and vitamins, and for eliminating nitrogenous 
waste. The authors identified bacterial genes 
that encode proteins that take up the nitrogen-
containing compounds urea and ammonia, 
thus allowing the worm to conserve nitrogen 
rather than excreting these toxic waste prod-
ucts, and so possibly explaining the lack of 
excretory organs in the host.

Co-dependent interactions between the 
sulphide-oxidizing symbionts seem to be 
complex. All four symbionts can convert CO2 
into organic carbon, a process for which three 
distinct pathways exist, and the sulphate-
reducing bacteria can also feed the host by 
taking up dissolved organic compounds from 
the environment. Together, the symbionts pro-
vide the worm with the enzymatic machinery 
to exploit various organic and inorganic energy 
sources, and to respire using molecules other 
than oxygen, such as sulphates, nitrates and 
fumarate.

The authors propose3 that sulphide pro-
duced by the sulphate-reducing bacteria acts 
as an energy source for the sulphide-oxidizing 
bacteria, so creating an internal sulphur cycle 
that sustains both symbionts and also nourishes 
the worm. However, the compounds needed to 
drive this cycle may not all coexist in the same 
environment, as the preferred oxidants (oxy-
gen or nitrate) for sulphide are found in sur-
face sediments, whereas sulphate respiration 
is an anaerobic process that is only possible in 
deeper sediments that lack oxygen. It seems 
that the worm assists the bacteria by supply-
ing another oxidant: the genomes show that the 
sulphide-oxidizing symbionts can respire using 
trimethylamine N-oxide (TMAO), a compound 
produced by the worm. This allows the bacteria 
to grow in the absence of oxygen or nitrate.

Furthermore, the host can move between 
the surface sediments and the deeper regions, 
so that an understanding of how the bacteria 
generate energy must also consider the worm’s 
behaviour. One of the sulphide-oxidizing 
bacteria might partially oxidize sulphide using 
TMAO and store the resulting sulphur in glob-
ules for later use. When the worm migrates to 
the surface, this stored sulphur could then be 
fully oxidized to sulphate, and so the cycle con-
tinues. The sulphate-reducing bacteria, in turn, 
possess genes that enable them to grow in deep, 
oxygen-starved sediments by using molecular 
hydrogen to reduce sulphate and provide the 
host with carbon.

But the story remains incomplete. It is 

unclear why several species of sulphur-cycling 
bacteria are required, or what features of their 
co-dependent interactions sustain them. It also 
remains to be seen how the host fits into this 
web of interactions — for example, can the 
symbionts modify the worm’s behaviour to 
direct it to different depths of the sediments? 
And what is the role of the fifth microbial 
partner in this complex symbiosis, the spiro-
chaete bacterium? Studies of these ‘lowly’ 
worms should improve our understanding 
of many complex symbioses, including those 
found in the human body. ■
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GEOPHYSICS

Protons lead the charge
Greg Hirth

Is the anomalously high electrical conductivity seen in part of Earth’s mantle 
caused by protons derived from hydrous defects in the mineral olivine? Two 
groups investigate this possibility — and draw different conclusions.

Many lines of evidence indicate that Earth’s 
dynamic processes are controlled by water  
— more specifically, by the hydrogen ions (pro-
tons) present in minerals in its interior. What 
has been lacking is a reliable way to determine 
the concentration and distribution of this 
hydrogen. Theoretical considerations indicate 
that the magnitude of a mineral’s electrical 
conductivity puts a constraint on its hydro-
gen content. In this issue, studies by Yoshino 
et al. (page 973)1 and Wang et al. (page 977)2 
demonstrate that small amounts of hydrogen 
increase the electrical conductivity of olivine 
— a silicate that is the most abundant mineral 
in Earth’s upper mantle — by between 100 and 
1,000 times. These experimental results pro-
vide an initial verification of a process that has 
been proposed to explain high electrical con-
ductivity in the upper mantle — but also supply 
several caveats. 

Geoscientists have speculated that the appar-
ently unique features of plate tectonics on Earth 
— the phenomenon does not seem to occur on 
any other Solar System body — are control-
led by the presence of water. This hypothesis 
stems from the existence of oceans, the identi-
fication of tectonic processes that cycle volatile 
substances into and out of the mantle, and an 
appreciation of the influence of water on diffu-
sion within the mantle, and on mantle viscosity 
and melting. For example, the melting tempera-
ture of mantle rocks decreases by some 700 �C in 
the presence of water3. Furthermore, although 
the interior of the convecting Earth is too hot 
for hydrous mineral phases, such as micas, to be 
stable, small concentrations (around 50 parts 

per million by weight) of hydrogen in olivine 
result in as much as a 30–100-fold reduction 
in viscosity4. At least another ocean’s worth 
of water resides in Earth’s interior5, and such 
observations have stimulated studies on exactly 
how much water there is, and its role in the for-
mation of tectonic plates and in the thermal 
evolution of Earth 4.5 billion years ago6.

A technique known as magnetotellurics is 
used to study Earth’s electrical conductivity by 
measuring its response to interactions between 
the solar wind and the ionosphere, the layer 
of Earth’s atmosphere that is ionized by solar 
radiation. Specifically, electrical conductivity is 
determined as a function of depth by measuring 
variations in the magnetic and electric fields at 
Earth’s surface over periods of months to years.

The electrical conductivity measured for 
some parts of the upper mantle using magneto-
tellurics is significantly greater than that of the 
minerals actually present in the mantle. In 
1990, Shun-ichiro Karato proposed an expla-
nation7 for this apparent discrepancy based on 
experiments by Mackwell and Kohlstedt on 
the diffusion of hydrogen ions in olivine8. 
These experiments demonstrated two remarka-
ble features. First, protons are extremely mobile 
in olivine — almost as mobile as electron 
holes (a hole is the absence of an electron, and 
changes ferrous iron to ferric iron, for example). 
Second, the diffusion rate of protons is excep-
tionally anisotropic, with the rate parallel to the 
shortest crystallographic axis (known as the 
a axis) being 50 to 100 times greater than that in 
other directions. 

Karato’s insight came from application of the 
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