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M
icroscopic counts of micro-
bial cells in deep sediment
cores retrieved by scientific
ocean drilling have revealed

the largest living ecosystem on earth: the
deep biosphere (1, 2). Hidden beneath the
seafloor, a large part of all prokaryotic
cells on earth persist under conditions so
highly energy-limited that it seems to
violate the constraints to life. This deep
biosphere is the most understudied
ecosystem, inhabited by organisms only
distantly related to known laboratory
strains. It is not even clear whether the
cells are alive and metabolically active, or
are dormant or perhaps dead. The report
by Morono et al. in PNAS (3) attacks
this very basic question with new
convincing experiments.
The idea of Morono et al. has been that,

even though the deep biosphere is highly
energy-starved under natural conditions,
the organisms may still have the capacity
to feed very actively if served a rich and
varied diet of organic substrates. The
authors therefore performed experiments
with sediment from several hundred
meters’ depth in the seabed of the Japan
Sea and fed the inhabiting microorganisms
a mixture of stable isotope-labeled car-
bon and nitrogen compounds. After 2 mo,
they extracted the cells from the mud and
analyzed the increase in cell numbers
and fraction of all cells that had taken up
the isotopes, 13C or 15N. For this purpose,
they used a nanometer-scale secondary
ion mass spectrometer with which they
could identify individual isotope-labeled
cells and even determine how much of the
substrates each cell had taken up and in-
corporated into its biomass.
The novelty of this study is not so much

that it reveals the mode of life of these
deep-living microorganisms in their natu-
ral environment. In that respect, the sub-
strate concentrations offered to the cells
were orders of magnitude too high com-
pared with what these cells may experi-
ence in the million-year-old sediment in
which they subsist. The novelty is the test
of whether the deeply buried organisms
maintain the potential to metabolize and
grow, i.e., whether they are still alive and
physiologically intact. Morono et al. (3)
show that most, and perhaps all, of the
cells are indeed alive. As many as 76% of
the cells assimilated isotope-labeled sub-
strate such as glucose or amino acids,
some more than 1,000 times faster than
the mean rates of organic carbon assimi-

lation that are typical for the deep
biosphere.
Why is this result so important? Is it

really so hard to determine whether
microorganisms are alive and active? To
appreciate the challenge of the new study,
it is necessary to envision life at an energy
flux many orders of magnitude lower than
anything studied in bacterial cultures in
the laboratory so far. Deep subsurface
sediments have ages of many millions of
years. However, they are inhabited by
highly diverse communities of micro-
organisms with densities of 103 to 108 cells/
cm3 (1, 4). These microorganisms have as
their main food the remains of organic
material that sank out of the paleo-ocean
in the geological past, became buried deep
down into the seabed, and has been slowly
degraded ever since at steadily decreasing
rates. It is truly surprising that sufficient
organic material still remains for the or-
ganisms to feed on and for the large mi-
crobial communities to be maintained.
The explanation is that deep life is able

to proceed in extreme slow motion. This
was illustrated by Price and Sowers (5),
who compiled data from a wide range of
environments. A typical metabolic rate of
microorganisms in ecosystems on the sur-
face of our planet, such as soil, lake water,
or seawater, is 0.1 to 10 fmol C·cell−1·d−1,
corresponding to 10−3 to 10−1 g C metab-
olized per gram cell C per hour (Fig. 1).

The mean metabolic rate for deep sub-
surface bacteria is typically four orders
of magnitude lower: 10−5 to 10−3 fmol
C·cell−1·d−1 (6, 7), corresponding to 10−7

to 10−5 g C·g−1 cell C·h−1. Such numbers
are calculated by counting all the micro-
organisms in a deep sediment core and
dividing by the rate at which the main
metabolic substrates or products are
turning over in the bulk sediment. The
process rates are determined from trans-
port-reaction models of pore-water con-
stituents or from direct experimental
process measurements using sensitive
radiotracer methods. The rationale for
taking a mean of the entire microbial
community is the assumption that most
of the cells are actively engaged in the
energy metabolism. This assumption is
now strongly supported by the findings of
Morono et al. (3).
A cell must metabolize a certain amount

of carbon relative to its own biomass be-
fore it can double its cell size and divide.
This relationship is called the growth yield
and has limited variability among micro-
organisms of similar physiological traits. If
we now assume a growth yield typical of
a laboratory culture of anaerobic bacteria,
then we can ask about the minimum gen-
eration time possible at a metabolic rate
of 10−5 fmol C·cell−1·d−1. The answer is
that the average cell may divide once in
1,000 y. Such a slow growth means rela-
tively more energy spent on maintenance
metabolism, however, so the growth yield
is probably lower than for laboratory
cultures and the potential generation time
therefore as long as several thousand years.
This longevity is such an enigmatic

property of the deep biosphere that it is
difficult to reconcile with our current un-
derstanding of microbial life. However,
there are no biological constraints vio-
lated. There are no mechanisms of aging
known in prokaryotes. If the mortality of
a population is near zero because of the
absence of predators, the cells need not
divide and multiply to maintain a steady-
state community size. In the absence of
cell division in a sparse community packed
in fine-porous clay, virus attack is probably
also insignificant for cell death. The cal-
culated mean rates of carbon metabolism
do not translate into growth and cell

Fig. 1. Metabolic rates and turnover times of
natural communities of microorganisms. Blue in-
dicates nutrient-rich environments such as soil,
lake water, or seawater. Red indicates nutrient-
starved environments such as subsurface sedi-
ments. Left axis shows metabolized organic car-
bon per cell carbon per unit time. Right axis shows
the corresponding turnover time of cell carbon,
approximately corresponding to minimum poten-
tial generation times. Data are redrawn from Price
and Sowers (5) and supplemented with unpub-
lished deep subseafloor data.
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division in a simple manner. The micro-
organisms could theoretically be turning
over their biomass slowly without ever di-
viding. Therefore, turnover time rather
than generation time is indicated in Fig. 1.
In the absence of mortality, the size of the
microbial community may in the past have
grown in size until the cellular rate of
metabolism decreased to the bare mini-
mum required for maintenance. At that
stage, there may be insufficient energy for
growth, and the community size is bal-
anced against the ambient energy flux.
An alternative scenario could be that

most of the deeply buried microorganisms
are in a dormant state (8) and that only
few cells are metabolically active and
growing. Morono et al. (3) show that, if
they were dormant, they certainly wake up
when they have been fed. Let us assume,
hypothetically, that only 1% of the cells
are active at any given time whereas the
rest are dormant and can persist for very
long periods without a vegetative stage.
This would imply that the small active
fraction has a potential generation time of
1 y, which is still longer than reflected by
most data calculated for the more active
surface layers of the seabed (Fig. 1). The
remaining inactive cells, however, would
need to maintain cell integrity in dor-
mancy for a correspondingly much longer
time, maybe 1 million years.
There are only few studies available to

help us distinguish between these possi-
bilities. There are reports that intact bac-
terial cells and their genome may survive
for millions of years in deep marine sedi-
ments (9). For the oldest records, the cells
are apparently in a dormant stage, such as
spores that are highly resistant to the de-
structive effect of natural radiation (10).
Dormancy, however, does not completely

arrest the slow degradation of DNA and of
other vital cell components as a result of
spontaneous chemical or radiolytic re-
actions. Over geological timescales, dor-
mancy may therefore not be an optimal
survival strategy. In fact, there is evidence
from Siberian permafrost soil that, over
hundreds of thousands of years, the
maintenance of a low metabolic level that

Intact bacterial cells and

their genome may

survive for millions of

years in deep marine

sediments.

enables continuous DNA repair is supe-
rior to long-term dormancy for survival
(11). On this background, reports that
microbial cells and DNA may be preserved
for millions of years are an even greater
challenge to our understanding of longev-
ity than the mean generation times
calculated here.
There is other evidence to show that

dormancy is probably not a general ex-
planation for the extremely low calculated
metabolic rates. Most deep subsurface
cells can be hybridized and stained by
fluorescent oligonucleotide probes (i.e.,
FISH) that bind to ribosomal RNA,
thereby showing that the majority of the
cells have ribosomes in addition to cell
walls that can be penetrated by molecular
probes (12, 13). True resting stages such as
bacterial endospores may indeed occur in
high numbers, but these are not included
in fluorescent cell counts or FISH and

have not been considered in the energy
calculations described earlier. Further-
more, there is a positive correlation be-
tween the cell densities in subseafloor
sediments and the energy flux available,
which indicates that a universal mini-
mum cellular energy flux ultimately regu-
lates the size of the deep microbial
communities (14).
Further research is needed to clarify

what may be the physiological or bio-
chemical traits that enable subsurface
microorganisms to subsist under such low
energy flux. It is interesting that, although
bacteria are the predominant prokaryotic
domain of life in most environments on
the surface of earth, the other prokaryotic
domain, the archaea, are very common
and even seem to rule the deep subsurface
(13, 15). The archaea have a selective ad-
vantage in that their cell membrane is
much less permeable toward passive dif-
fusion of protons or other ions (16). This
may enable the archaea to generate an
energized membrane with a 100-fold lower
energy loss than the bacteria. Morono
et al. (3) applied FISH probes in an at-
tempt to identify the actively metabolizing
archaea. Most isotope-labeled cells, how-
ever, did not hybridize with common FISH
probes. This probably reflects a combina-
tion of the methodological difficulty of this
technique and the largely uncharacterized
phylogenic diversity of deep subseafloor
archaea (17).
Deep biosphere research is still a young

science with exciting challenges ahead.
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