
HD168443 might be created. Could it have
the same history as a multiple star system?
These are thought to start with the collapse of
a dense molecular cloud core to form a flat-
tened protostellar disk, followed by frag-
mentation into multiple protostars. Our
understanding of this process is still hazy, but
it seems an unlikely way to give birth to 
a tight stellar system in which the mass of 
the primary star is 50 to 100 times more
massive than its companions. This is because
subsequent growth by gas accretion from the
disk and an infalling envelope of gas would
add mass preferentially to the smaller proto-
stars, leading to more equal stellar masses4.
Furthermore, fragmentation calculations do
not favour the formation of low-mass proto-
stars in stable, planet-like orbits around a
single much more massive protostar. When
multiple protostars form by fragmentation,
they begin life in unstable configurations,
which are then subject to gravitational scat-
tering during close mutual encounters.

We are therefore left with trying to
explain the formation of the HD168443 sys-
tem by the process of planetary formation
which unfolds well after the central protostar
has gained the bulk of its mass. There 
are two competing mechanisms for the for-
mation of gas giants in a protoplanetary disk:
core accretion and disk instability. The cur-
rently favoured theory, core accretion, was
developed to explain the formation of
Jupiter and Saturn through the formation of

a rock and ice core, followed by the accretion
of gas. Core accretion could account for the
formation of planets with masses up to about
5 MJ (refs 5–7), but whether it could produce
objects as massive as the companions of
HD168443 within the lifetime8 of a typical
protoplanetary disk (a few million years)
remains to be seen. Disk instability9, on the
other hand, is quite capable of rapidly form-
ing massive protoplanets, as large as 17 MJ,
with change to spare.

Theorists have their work cut out to
explain the formation of HD168443’s un-
expected companions. The planet hunters,
meanwhile, are discovering bizarre solar 
systems at an alarming rate. ■
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Figure 1 Pattern of discoveries for gas giant
planets and brown dwarf stars found orbiting
nearby stars similar to our Sun. In most cases,
only the minimum mass of the companion is
known, although this value is likely to be close
to the true mass. The star HD168443 has now
been found to have two massive companions
(HD168443b and HD168443c) that blur the
distinction between giant planets and brown
dwarf stars. In particular, the mass of
HD168443c falls into the observed gap (from
about 15 MJ to 30 MJ) between gas giants and
brown dwarfs. The radial-velocity technique
preferentially detects massive, close-in planets,
as indicated by the detection bias along the
dashed line.
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Humans and Escherichia coli normally
live happily together: E. coli is a benefi-
cial bacterium commonly found in the

human gastrointestinal system. But it also
exists in harmful forms. One of the most
harmful of these, called O157:H7, was first
linked to human disease in 1983 (ref. 1),
when it was shown to have been the cause 
of two outbreaks of an unusual and severe
gastrointestinal ailment in the United States
the previous year. The number of docu-
mented human illnesses and deaths caused
by O157:H7 strains has since increased
steadily worldwide, and these strains are
now considered to be both emerging patho-
gens and major threats to public health2.
Studies of O157:H7 receive a boost from a
paper on page 529 of this issue3, in which
Perna and colleagues describe and analyse
the genome sequence of one strain of E. coli
O157:H7.

Outbreaks of O157:H7 infections in
humans have been traced primarily to
infected cattle4, which are the source of 
contamination of ground beef, milk and —
indirectly, through fertilizer — many fruit
and vegetable products. Fortunately, proper
cooking or pasteurization can prevent
human infection by contaminated food. 
But infections can also be transmitted by
sewage-contaminated water and person-to-
person contact.

Genetically, the pathogenicity (ability 
to cause damage) and virulence (degree of
pathogenicity) of O157:H7 strains depend
on several factors. For example, these strains
possess genes encoding the so-called shiga
toxin, as well as small, circular DNA mol-
ecules that encode ‘virulence factors’. And

O157:H7 has at least one pathogenicity
island — a section of chromosomal DNA
containing many genes that contribute to
pathogenicity5. Evolutionary studies have
shown that all O157:H7 strains are closely
related, and that they share a common 
ancestry with pathogenic O55:H7 strains6
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The genome of an Escherichia coli strain that is emerging as a severe threat
to human health has been sequenced. Comparing it with that of a harmless
strain suggests why some forms of this bacterium cause disease.
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Figure 1 Model of the generation of genome
islands specific to just one of a pair of related
strains or species. a, The ancestral circular
genome. b, Modern genomes — the results of
differential insertion and deletion of genomic
segments in each lineage. c, Genomes 1 and 2
linearized and aligned. ‘Islands’ within each
genome are highlighted on alignment (blue 
for species 1 and purple for species 2). Note 
that islands in one genome are generated both
by insertion of genetic segments into that
genome and deletion of segments from the 
other genome.
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(the numbers and letters refer to the different
types of variable antigen molecules pro-
duced by these bacteria). Many virulence
factors in O157:H7 strains were acquired
from other strains or species by a process
known as horizontal gene transfer5,7. So,
what can analysis of the whole genome add 
to our knowledge of this pathogen?

Perna et al.3 have used the now standard
‘whole-genome shotgun’ approach to deter-
mine the genome sequence of the O157:H7
strain EDL933, which was isolated from
ground beef linked to the 1982 outbreak.
Their analysis of this genome, and in particu-
lar their comparison of this genome with
that of a non-pathogenic laboratory E. coli
strain, K-12 MG1655, is revealing.

The two genomes have a large amount 
of DNA — about 4.1 million base pairs
(megabases) each — that was clearly derived
from a common ancestor. This ‘backbone’
DNA is arranged similarly in the two strains:
the two genomes can be lined up side by 
side along their lengths, except at one point,
where part of the O157:H7 genome is
reversed.

Although this conserved arrangement
and inversion are not surprising for closely
related strains8, one feature is rather unusual.
Scattered roughly evenly within each
genome’s backbone are hundreds of sections
of DNA that are unique to one or the other
strain. Sections found only in O157:H7 —
‘O-islands’ — total 1.34 megabases and
1,387 genes. K-islands, which are unique to
the non-pathogenic E. coli strain, add up to
0.53 megabases and 528 genes. It remains 
to be seen which of these differences contrib-
ute to the virulence and pathogenicity of
O157:H7. The O-islands include many
known and predicted pathogenicity genes —
for example, some of them may encode tox-
ins, or factors needed to make the adhesive
filaments (fimbriae) that help the bacterium
to stick to the lining of the gut. But it is dif-
ficult to predict gene function accurately, 
and many of the O-islands might have no
connection with pathogenicity.

Differences between the DNA backbones
may also be important. Although most of 
the backbone differences do not result in
changes in protein sequence, many do: about
75% of the backbone-encoded proteins 
differ by at least one amino acid between 
the two strains. A more thorough analysis 
of these patterns will help in determining
which differences are the result of natural
selection and which are merely neutral
changes.

Interestingly, the patterns of variation
within each genome differ between the 
coding and non-coding strands of backbone
genes. Perna et al. suggest that this may result
from transcription-coupled repair of oxi-
dative damage in DNA. This process was
originally discovered in E. coli: as the coding
strand is copied into RNA (transcribed),

DNA damage in that strand is mended 
at a higher rate than normal9. Confirmation
of whether this has caused the strand bias
described here will require analysis of the
genome sequence of another related
species10.

The authors also suggest that much of the
DNA in the O-islands and K-islands was
acquired by horizontal gene transfer. One of
their lines of evidence is that many of the
islands contain sequences related to those of
bacterial viruses and other vectors that carry
genes from one species to another. Another
possibility is that the islands were present in
the common ancestor of the two strains, and
then lost in one lineage (Fig. 1).

Analyses of the genomes of related species
will also help to answer this question. But if
horizontal gene transfer has occurred, then
the fact that so many genes have been trans-
ferred to O157:H7 supports the suggestion11

that the continuing emergence of O157:H7
as a pathogen results from its ability to
undergo rapid genetic change. This sugges-
tion was made because a high proportion 
of O157:H7 strains have defects in genes
involved in repairing DNA mismatches11.
This tends to lead to higher rates of both
mutation and acquisition of DNA from
other strains. Many other pathogenic bac-
teria also have mismatch-repair defects12,
but so too do many non-pathogenic E. coli
strains13, and the existence of so many K-
islands suggests that gene transfer is also
common in non-pathogenic strains. More-
over, O157:H7 has an apparently normal
long-term rate of sequence change14.

Perna et al.’s work3 emphasizes the power
of comparing genomes from closely related
strains or species — something that is
becoming possible for more and more taxa.
Such comparisons allow the detection and
analysis of genetic processes that occur on
relatively short timescales. They have led to
discoveries such as the possible occurrence
of transcription-coupled repair of oxidative
damage, reported here3, and the finding that
inversions that are symmetrical around the
start point of replication of a bacterial chro-
mosome are common in bacterial genome
evolution8.

Many of these insights depend on know-
ing details such as gene location and orien-
tation, and the absence of genes that are 
present in related species. This emphasizes
the importance of having complete or nearly
complete genome sequences. (The sequen-
cing of the O157:H7 genome is nearly 
complete; only two gaps remain.) We should
view with scepticism press releases announc-
ing the completion of a genome sequence 
in a day15 — they refer simply to the com-
pletion of the initial sequencing part of a 
project, but many gaps (frequently hun-
dreds) always remain. Closing those gaps 
is difficult but essential.

There is still much to learn about the 
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100 YEARS AGO
An interesting description of the ravages of
white ants, or termites, in Rhodesia is
furnished by the Rev. A. Leboeuf to the
Zambesi Mission Record for January. The
special interest of the contribution centres in
the account of the damage done to property
by white ants in Rhodesia, which seems to
be even greater than in India. It is no
uncommon thing, says the writer, for the
colonist, on returning from his day’s labour,
to find the coat he left hanging on a nail of
his cottage wall and the books on the table
absolutely destroyed by these tiny
marauders. Nor is this all. “On awaking next
morning,” writes Mr. Leboeuf, “you are
astonished to see in the dim light a cone-
shaped object rising from the brick floor a
short distance from your bed, with two holes
on the top like the crater of a miniature
volcano. Upon closer examination you
discover that the holes have just the size and
shape of the inside of your boots, which you
incautiously left on the brick floor the night
before. They have given form and proportion
to an ant heap, and nothing is left of them
except the nails, eyelets and, maybe, part of
the heels.”
From Nature 24 January 1901.

50 YEARS AGO
May I support Prof. Alan Boyden’s plea that
parthenogenesis should not be classified as
asexual reproduction? The habit of doing so
presumably arose because the text-book
definition of sexual reproduction excludes
anything which does not involve fusion of
gametes; but such a reliance on a definition
instead of on the facts implies a degree of
philosophical realism which has no proper
place in science. Biology, unlike logic and
mathematics, has to take the world as it
finds it. Definitions are descriptions of
concepts or phenomena, sometimes of
arbitrary stages in a series, and when they
are made short they inevitably become
inaccurate… No satisfactory definition of
‘species’ has ever been made. One of the
latest, that of Mayr, is quite inadequate;
apart from being formally incorrect in stating
that a species is a group of populations,
which it certainly is not, his definition would,
since it contains the terms ‘interbreeding’,
exclude Amoeba proteus and all creatures
without cross-fertilization. Similar
difficulties arise with the words cell,
reproduction, tissue, skeleton, parasite and
many others.
From Nature 27 January 1951.
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biology and history of E. coli O157:H7, but
the sequence and analysis presented by Perna
et al.3 will be an excellent starting point. One
of the great things about genomics is that the
data it provides allow nearly any group, any-
where in the world, to start seeking answers
to outstanding questions immediately. ■
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found that it was up to several thousand
years old. This contrasts starkly with the
general belief that most of the organic car-
bon in rivers should be relatively ‘fresh’6. 
The particulate organic carbon (that is, the
fraction retained on a filter) was especially
old, the dissolved carbon being younger 
on average. But even the dissolved fraction
revealed relatively old ages in some samples,
and long-term laboratory experiments with
samples from one of the rivers showed that
the slow bacterial oxidation of part of this
organic matter can markedly increase the
average age of the carbon that remained in
solution.

From these results Raymond and Bauer
conclude that ageing and degradation of 
terrestrial organic matter in river basins 
and coastal zones may significantly alter its
structure, distribution and quantity before 
it reaches the open oceans. The implication
is that we simply have not been able to dis-
tinguish it from marine-generated carbon.
Future studies need to test whether the old
radiocarbon ages found by the authors can
be confirmed in rivers from other parts of
the world, however, and whether ageing 
can wipe out the fingerprints of terrestrial
carbon. Furthermore, old average ages of 
riverine carbon can also be explained by the
presence of small amounts of ‘fossil’ organic
carbon7 that originated in ancient sedi-
mentary rocks. This phenomenon may be
restricted to rivers draining these kind of
rocks, and that has to be tested as well.

But it remains possible that dissolved
organic carbon in the sea is mainly com-
posed of old marine carbon, and that the 
terrestrial component is not hidden but
largely absent. What if that is the case? A
process would then be needed that rapidly
removes the terrestrial carbon after it enters
the oceans. It is generally accepted that part
of this carbon is buried in the coastal zones
where sedimentation rates are high. Bio-
logical activity is also high in these waters,
and some carbon may be released as CO2

to the atmosphere through biological oxi-
dation. But the two processes do not seem to
be powerful enough to remove all riverine
carbon5, and an additional mechanism for
its rapid withdrawal from the sea would
remain on the most-wanted list in the offices
of many carbon-cycle researchers.

Nevertheless, at the least the results of
Raymond and Bauer4 remind us that the
organic matter that runs from rivers into the
sea is not necessarily identical to the organic
matter of the plants and soils upstream in
the river catchments. Certainly, other pro-
cesses taking place on the floodplains or 
in the river channels, such as slowed trans-
port caused by cycles of deposition and
movement downstream, may also have to 
be considered to better understand the
composition and fluxes of river carbon8. ■

Wolfgang Ludwig is at the Centre de Formation et
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Dissolved organic carbon in the oceans 
is one of the biggest reservoirs in the
global carbon cycle — it is comparable

in size to all of the carbon in terrestrial plants,
or to all of that in the form of CO2 in the
atmosphere. The input of terrestrial organic
carbon from rivers, the main source of most
constituents of sea water1, could fill this
marine reservoir in just a few thousands of
years2 — which, according to radiocarbon
dating3, is also about the average age of
marine organic carbon. But although there
should be lots of terrestrial-derived carbon
in the ocean, geochemical studies indicate
that there seems to be very little. So what
happens to the riverine carbon once it enters
the oceans?

On page 497 of this issue4 Raymond and
Bauer address the question by presenting
new data on the average ages of organic 
matter in rivers. There may in fact be much
more terrestrial carbon in the oceans than we
thought, but we cannot see it. To understand
this, one has to know how geochemists 
usually distinguish between organic carbon
from terrestrial and marine sources. 

Almost all of the organic carbon on Earth
is created through photosynthesis, whether
on land or in water. But on land the process
leaves characteristic fingerprints, which
mean that this carbon should be traceable
after it has entered the oceans. Many land
plants synthesize certain compounds, such as
lignin or tannin, which are absent in marine
phytoplankton. In principle, then, detecting
these biomarkers in the sea can reveal if 
carbon had a terrestrial origin. The other
widely applied method involves measuring
the ratio between the two stable carbon iso-
topes, 13C and 12C, in the bulk organic matter.
Most land plants produce carbon that is

more depleted in the heavy carbon isotope
(13C) than carbon produced by marine
phytoplankton, leading to higher isotopic
ratios in marine than in terrestrial carbon.

When going into details, however, things
can be more complicated. Biomarker con-
centrations in different plant materials are
variable, reducing their potential for the
accurate assessment of sources. And stable
carbon-isotope ratios can sometimes give
ambiguous results because there are excep-
tions to the general trend5. A broader prob-
lem arises when comparing relatively old
organic material in the sea with freshly syn-
thesized material of terrestrial and marine
plants, because chemical and biological
degradation may have altered the compo-
sition of the fresher material and make it 
difficult to trace its origin.

This is where Raymond and Bauer’s
study4 comes in. They analysed organic mat-
ter in the Amazon (Fig. 1) and three North
American rivers by radiocarbon dating, and

Carbon cycle

The age of river carbon
Wolfgang Ludwig

The organic carbon that runs into the oceans from rivers could be
hundreds or thousands of years old. If so, aspects of our understanding 
of the global carbon cycle will have to change.

Figure 1 The Amazon delta, seen from space.
Raymond and Bauer4 find that, contrary to
general belief, most of the organic carbon
entering the Atlantic Ocean from the Amazon is
not ‘fresh’ but has aged and been degraded.
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