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Archaeal Means and Extremes

Edward DelLong

I these days of gene chips and genome se-
quencing, it is only natural to assume that
most of the organisms inhabiting Earth are
well known. Yet in truth, biology is still dis-
covering basic information about the most
abundant, widely distributed, and biochemi-
cally versatile organisms on the planet—the
prokaryotes. Prokaryotes (microorganisms
that lack a membrane-bound nucleus) have
been thriving on Earth for more than 3.5
billion years. Their morphological simplic-
ity belies a rich and complex biological heri-
tage. In part because of their venerable evo-
lutionary history, prokaryotes mediate most
of the key chemical transformations of car-
bon, nitrogen, and sulfur in our biosphere.
During their evolution, some have been en-
gulfed by their neighbors
and transformed into sub-
cellular workhorses, the
mitochondria and chloro-
plasts. And even now,
prokaryotes thrive in bi-
zarre and extreme habi-
tats, from polar deserts to
geothermal springs. Yet
despite their antiquity,
ubiquity, and ecological
significance, prokaryotes
are arguably the least
well understood compo-
nent of Earth’s biota.
Fortunately, several
conceptual and techno-
logical advances have
opened new views on the
microbial world. Com-
parisons of universally
conserved nucleic acid
and protein sequences
now allow the construc-
tion of global genealogies
encompassing all living
things (I). For the first
time, all cellular life can now be clearly
viewed in one unified evolutionary vista.
This molecular evolutionary perspective has
also unexpectedly invigorated the field of mi-
crobial ecology (2). Microbial biologists have
traditionally depended heavily on the isola-
tion and cultivation of microbes one by one
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Portraits in situ. Cold-dwelling Cren-
archaeota: (Top) Planktonic archaea
from Monterey Bay (green cells) sur-
rounded by bacterial
(blue cells). (Bottom) The symbiotic
Cenarchaeum symbiosum (green cells)
in its sponge host. Red spheres are
the nuclei of the sponge host.

from the environment. But these cultivation
approaches are not always optimal for eco-
logical studies, because the isolation proce-
dure obviates the community, and many mi-
crobes simply resist cultivation. Today, com-
parison of conserved gene sequences plucked
directly from the environment is fast becom-
ing a standard method for surveying natural
microbial communities. Nearly every study
applying these molecular techniques reveals
new microbial groups, many still undetect-
able by cultivation (2). Comparative mo-
lecular approaches in microbial evolution
and ecology are bringing a previously invis-
ible world into much better focus.

Molecular phylogenies have also proved
the existence of a major new evolutionary
lineage: the Archaea (3).
Genealogies of riboso-
mal RNA (rRNA) genes
showed that the Archaea,
although prokaryotic in
cellular ultrastructure, are
evolutionarily quite dis-
tant from their prokary-
otic cousins, the Bacteria.
In fact, Archaea appear to
share a common ancestor
with eukaryotes (4), or-
ganisms like us that pos-
sess cellular organelles
and a membrane-bound
nucleus. This distinctive-
ness of the Archaea pre-
cipitated a recategori-
zation of life into three
major domains: the Eu-
carya (all eukaryotes) and
the two prokaryotic do-
mains, Archaea and Bac-
teria (5). Recent break-
throughs in genomics
tend to support this tri-
partite organization of
life, with whole genome sequences now testi-
fying to the status of Archaea as one of life’s
three main evolutionary branches (6).

At the time of their discovery in 1977,
the Archaea (then archaebacteria) were an
odd collection of beasts, united mainly by
their evolutionary heritage. The known
habitats of cultured Archaea were brines
five times as salty as the oceans, geothermal
environments that would cook other organ-
isms to a crisp, and anaerobic habitats where
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Where they live. Contemporary Crenarchaeota
can inhabit geothermal springs (top) or surface
waters off the Antarctic Peninsula (bottom).

even trace amounts of oxygen prove lethal.
In the vernacular, cultivated Archaea are
“extremophiles” par excellence. One main
branch of Archaea, the Crenarchaeota, is
especially notorious for growth at high tem-
perature. All cultivated Crenarchaeota
originate from geothermally heated habitats
like submarine vents and terrestrial hot
springs. Most are hyperthermophiles, requir-
ing temperatures in excess of 80°C for opti-
mum growth. The crenarchaeon Pyrolobus
fumarii holds the current record for life at
high temperature, growing at temperatures
as high as a scalding 113°C (7).

Until recently, Archaea, especially Cren-
archaeota, were not thought to contribute sig-
nificantly to the ecology of aerobic marine or
terrestrial habitats. It was therefore surprising
when close relatives of Crenarchaeota started
cropping up in surveys of cold aerobic marine
plankton off both coasts of North America
(8). These sitings reflected the now apparent
fact that several major groups of Archaea
(group I and group 11, see the evolutionary tree
in the figure) are common and abundant com-
ponents of marine plankton. The list of
archaeal sightings in nonextreme marine
habitats is growing rapidly, with most marine
plankton samples yielding evidence for an
archaeal presence. Shallow and deep marine
waters at polar, temperate, and tropical lati-
tudes, the guts of abyssal sea cucumbers, and
marine sediments are all crawling with the
cold-adapted cousins of hyperthermophilic
Crenarchaeota (9). With this distribution and
abundance in such an expansive habitat
(ocean waters below about 100 m), these
Archaea are one of the more abundant
prokaryotic cell types on Earth.
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The planktonic archaea have so far re-
sisted cultivation, and their specific physiol-
ogy remains unknown. In theory, these new
microbes could be vagrant thermophiles,
swept from their narural habitats with vent-
ing hydrothermal fluids and plumes. But ac-
cumulating data do not support this sce-
nario. The widespread habitats of plank-
tonic Crenarchaeota, and their steady-state
abundance, suggest that they do not live at
hydrothermal vents. If vents were indeed a
point source for the new archaea, then cul-
tured hyperthermophilic Archaea like
Thermococcus, Pyrodictium, or Archaeoglobus
should co-occur with them. Yet cultured
vent archaea are not commonly encoun-
tered in marine plankton, except in hydro-
thermal plumes sampled immediately after
volcanic eruptions (10). Finally, the discov-
ery of a symbiotic cold-loving crenarchaeon
(Cenarchaeum symbiosum) (see the figure
below) (11), and closely related archaea from
rice paddies, terrestrial soils, freshwater lake

1 It
lected from a Yellowstone Park geothermal
spring (12). There, fRNA gene sequences
specifically related to cold-dwelling archaeal
rRNAs were recovered (pSL12) (see the fig-
ure below). If these sequences are truly de-
rived from thermophiles, then planktonic
Crenarchaeota are descendants of thermo-
philes and share a common ancestor with or-
ganisms like pSL12. If planktonic archaea did
indeed originate in geothermal environ-
ments, their adaptive radiation into colder
climes must have occurred millions of years
ago. Yet these microorganisms share a sur-
prising number of features with their
hyperthermophilic cousins. Their history en-
compasses an incredible evolutionary odys-
sey, from life at the boiling point to life at
subzero temperatures.

Despite their utility, molecular sequence
comparisons do not provide much detail on
phenotype. So what are the biological prop-
erties of the new marine archaea? Because
the planktonic archaea are so widely distrib-

Crenarchaeota

Pacific
Holothurian gut

Cenarchaeum symbiosum

Thermofilum pendens
Thermoproteus tenax
Pyrodictium occultum
Desulfurococcus mobilis

Sulfolobus
acidocaldarius

Euryarchaeota
Extreme halophiles
Methanacoccales

Methanomicrobiales

Some like it cold. A phylogenetic tree showing abundant, uncultivated marine archaeal groups,
relative to cultivated archaea. Blue lines, cold-dwelling archaea; red lines, predominantly thermo-
philic groups of cultivated archaea. pSL12 is an rRNA sequence recovered from a presumed ther-

mophile at a Yellowstone hot spring (12).

sediments, and even winery by-products, pro-
vide yet more evidence that these archaea
thrive in temperate, polar, marine, and ter-
restrial habirats worldwide (11).

In universal phylogenetic trees, cultured
Crenarchaeota tend to group together on
short, deep branches, close to the hypotheti-
cal common ancestor of all cells. This phe-
nomenon has been interpreted by some as
support for a high-temperature origin of life,
and so the specific relationship between cold-
dwelling planktonic archaea and the thermo-
philic Crenarchaeorta is particularly intrigu-
ing. As a group, contemporary Crenarch-
aeota thrive at the temperature extremes for
life, from 113°C for Pyrolobus fumarii to
—1.8°C for Antarctic archaea. Was the com-
mon ancestor of cold-dwelling Crenarchaeota
thermophilic? The answer, tentatively, is yes,
mainly on the basis of a study of microbes col-
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uted and abundant, they certainly exert some
influence on oceanic biology and bio-
geochemistry. Variables that affect their
physiology and distribution can be identified
by tracking the organisms in their environ-
ment with molecular tools. The sheer abun-
dance of these microorganisms allows their
harvest en masse. Such bulk collections pro-
vide the biomass for biochemical and genetic
studies, which can include characterization
of membrane lipid composition (13), ge-
nomic architecture (14), and protein struc-
ture and function (I5). Of course, attempts

An enhanced version of this commen-
tary with links to additional resources is
available for Science Online subscribers

at www.sciencemag.org

By S L D e R [ sy ol i MO e o e e L

to culture these organisms should &
not be abandoned. So-called “uncul-
tivable” microbes pose serious but exciting
challenges to contemporary microbiologists.
Molecular phylogenetic approaches are not a
panacea, but they can provide tools to moni-
tor and optimize enrichment cultures and to
facilitate cultivation attempts.

The discovery of common and abundant
cold-dwelling Crenarchaeota is emblematic
of the rapidly changing perspective on the
true extent of natural microbial diversity.
One recent study of a single habitat revealed
a large variety of new bacterial groups, nearly
doubling the number of phylum-level raxa
within the domain Bacteria (16)! It is likely
that similar discoveries will continue for
some time as the vast and largely unexplored
microbial world becomes more visible.
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