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A New Molecular Window
on Early Life

Andrew H. Knoll

Cambrian boundary [about 544 mil-
lion years ago (Ma)] formed paleon-
tology’s Great Divide, separating the
tractable record of a familiar biology from
an earlier Terra Incognita populated mostly
out of the imagi-
Enhanced online at nation. Although
www.sciencemag.org/cgi/ this boundal.'y per-
content/full/285/5430/1025 S1sts as an 1mpor-
tant benchmark for
animal evolution (/), the discovery and elu-
cidation of the Precambrian fossil record
have shown it to be a Maginot line (2) for
the history of life as a whole. The line of
paleontological frustration didn’t disap-
pear—it merely receded by nearly 2 billion
years to the boundary between the Archean
and Proterozoic eons. Proterozoic (2500 to
544 Ma) sedimentary rocks are relatively
widespread, usually little altered, and occa-
sionally replete with morphological and
chemical remnants of a familiar, if largely
microscopic, biota. In contrast, the Archean
(>2500 Ma) world has remained a shadow
land in which “probably” and “maybe”
qualify nearly all paleobiological interpre-
tations until now, that is. On page 1033 of
this issue, Brocks et al. (3) report molecu-
lar fossils that bring unprecedented clarity
to the late Archean biosphere, dramatically
lengthening both the geological record of
eukaryotic biology and the list of questions
we need to ask about early evolution.
Biomarker compounds are geologically
stable molecules, mostly lipids, of known
biosynthetic origin. Biomarker geochem-
istry is a standard tool in petroleum explo-
ration (4), but until now, biomolecules older
than 1700 Ma (5) were unknown. Nor did
conventional wisdom encourage prospects
of finding earlier biomolecules, because the
average Archean sedimentary rock has been
heated to temperatures thought to destroy
biomarkers. Brocks et al. wisely ignored
average rocks and focused instead on ex-
ceptionally preserved 2700 Ma shales from
northwestern Australia that are renowned
for their high organic content (see image
above). Consequently, Brocks et al. have
extended the molecular fossil record by 1
billion years.

For generations, the Precambrian-
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In molecular paleon-
tology, contamination is
an issue to be taken seri-
ously, and so Brocks and
colleagues painstakingly
executed laboratory pro-
cedures designed to elimi-
nate the possibility that
younger biomarkers mi-
grated into their Archean
rocks. Room for doubt
has, accordingly, been
markedly reduced, and at a
minimum, naysayers must
go beyond curmudgeonli-
ness to explain the com-
plex pattern of biomarker
abundance and distribu-
tion identified by Brocks and co-workers,
which cannot easily be explained by fluid
migration or drilling contamination.

Accepting an Archean age for the
biomarkers, what do they tell us about early
biology? First, they confirm that cyanobac-
teria lived in Archean environments.
Cyanobacteria are the microscopic heroes
of Earth history—primary producers, life’s
great ecological liberators, and source of
the oxygen that transformed our planetary
surface. Archean microfossils, stromato-
lites, and carbon isotopes have all been in-
terpreted in terms of cyanobacterial biology
(6), but although all of these features are
consistent with a cyanobacterial origin,
none requires that cyanobacteria existed in

A mountain of iron. The discovery
of cyanobacterial biomarker
molecules in late Archean rocks in
the Hamersley Range, Western Aus-
tralia, bolsters the hypothesis that
photosynthesis provided the oxidiz-
ing power to precipitate the ~2500
Ma Hamersley iron formation.

the Archean. In a recent paper in Nature,
Summons et al. (7) show that the 2-methyl-
hopanes found in sediments derive from
2-Me-bacteriohopanepolyols, membrane
lipids synthesized in large quantities only
by cyanobacteria. Therefore, the extraction
of 2-methylhopanes from 2700 Ma rocks by
Brocks et al. provides independent geo-
chemical evidence for the
antiquity of cyanobacteria
and points the way toward
tests of a still earlier ori-
gin. Morphological fossils
show that even the shal-
lowest branches of the
cyanobacterial tree had di-
verged by 2100 Ma (§).
Thus, cyanobacteria stand
as prime targets for studies
of molecular evolution.
Remarkably, the late
Archean biomarkers also
include steranes, sedimenta-
ry molecules derived from
sterols. A few bacteria in-
corporate sterols into their
membranes, and a subset of
these are capable of de novo sterol biosynthe-
sis (9). But no prokaryotes are known to
form the more elaborate sterols that were
precursors of the C28-C30 steranes extract-
ed by Brocks et al. Archeae also have dis-
tinctly different membrane systems from
Eucaryotes and are not known to synthesize
sterols. In phylogenies based on ribosomal
RNA genes, a very long branch connects eu-
karyotes to the Archeae (see the figure be-
low) (10), and a host of phenotypic charac-
ters separate the domains. Thus, although
the discovery of Brocks et al. indicates that
a key attribute of eukaryotic physiology had
evolved by 2700 Ma, we can make only lim-
ited inferences about the overall biology of
the organism that synthesized the sterols.
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Trimming the tree. The Universal Tree depicts the phylogenetic relationships of extant organisms,
as inferred from sequence comparisons of ribosomal RNA genes ( 70). The boxed dates indicate the
minimum age of selected branches, based on paleontological and biogeochemical data. New bio-
geochemical constraints reported by Brocks et al. (3) are shown in orange.
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Nonetheless, the early appearance of eukary-
otic attributes directs new attention to the
immense interval between the divergence of
the Eucarya and their rise to ecological and
taxonomic prominence 1200 to 1000 Ma
(see diagram) (/7). Explanations based on bi-
ological innovation (“just add sex”) have
been favored in recent years, but these require
careful rethinking, with more attention paid
to possible environmental facilitation.

In a now classic model of atmospheric
evolution, geochemists have postulated
that oxygen concentrations grew from ex-
tremely low to nearly modern levels about
2200 to 2300 Ma (/2). But molecular oxy-
gen is required for sterol synthesis, and in-
dependent isotopic evidence connects
methanotrophic bacteria that depend on
oxygen to late Archean ecosystems (/3).
Thus, regardless of the circumstances of
early Archean Earth, biogeochemical ob-
servations suggest that by the late
Archean, oxygen had begun to accumulate
in the atmosphere, perhaps reaching levels
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sufficient for aerobic respiration by single
cells (about 1% of present-day values), al-
though probably not much more (12, 14).
Recent models of Proterozoic ocean chem-
istry also suggest that the partial pressure
of oxygen, Py, approached modern levels
only near the end of the Archean (7, 15),
further emphasizing the need to consider a
protracted, multistage history of atmo-
spheric chemistry.

Knowledge of Archean life and envi-
ronments remains sketchy, but the discov-
eries of Brocks et al. bolster confidence
that, like the Precambrian-Cambrian
boundary before it, the paleontological
barrier at the Proterozoic-Archean bound-
ary is destined to fall. This time the ad-
vance will be driven by innovative biogeo-
chemistry tied to careful field studies of
Archean sedimentary rocks (/6).
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Mineralogy at a Crossroads

Russell J. Hemley

hen Theophrastus described 16
Wminerals in his textbook “De La-
pidibus” around 300 B.C., he
laid the foundation for the science of min-
eralogy and provided the basis for under-
standing a panoply of natural phenomena.
The minerals he described provided the
raw material that led to the discovery of
many of the chemical elements, and their
study was essential in establishing the dis-
ciplines of chemistry and physics. Ad-
vances within these disciplines in this cen-
tury brought minerology into the modern
era. In particular, the use of x-ray crystal-
lography allowed the structure of all the
major rock-forming minerals to be deter-
mined on an atomic scale (see the figure).
The field has been so successful in these
respects that mineralogy in now at a cross-
roads. New questions cut across the histor-
ical boundaries of the field defined in
even the most recent textbooks. Recent
workshops (/-3) highlighted both acceler-
ating progress in key areas and expanding
opportunities for the coming century.
Dana’s System of Mineralogy (4) of the
last century led to the definition of a min-
eral as a “naturally occurring crystalline
element or compound having definite
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chemical composition, and formed as a
product of inorganic processes.” This view
is now considered too restrictive: The syn-
thesis of new “minerals” at high pressures
and temperatures; the discovery of new
amorphous forms; and investigations of
nanoscopic to mesoscopic materials, melt
structures and fluid-rock interactions, bio-
logically precipitated minerals, and organ-
ic-inorganic interactions relevant to the
origin of life have considerably broadened
the purview of this science. Materials are
no longer compartmentalized according to
whether they are found naturally in Earth,
on other planets, or exclusively as the
product of human endeavors. Four themes
are emerging from recent developments:
an expanded domain of materials and pro-
cesses, new views of complexity, connec-
tions to life, and new roles in advancing
fundamental science and technology.
Mineralogy now encompasses a whole-
Earth catalog of materials from the planet’s
atmosphere to its inner core. The study of
Earth’s deep interior was cast as a problem
in mineralogy and solid-state physics by
Birch (5) and led to the field of mineral
physics (6, 7). An array of new techniques
allows detailed investigations of Earth ma-
terials over the complete range of pressure-
temperature conditions that prevail within
the planet. The materials of the planet’s in-
terior exhibit physical and chemical prop-
erties that can be far different from what is

observed near the surface. For example, the
discovery that hydrogen can be bound in
dense silicates and metals has given rise to
the possibility of oceans of water locked up
within Earth’s interior. Minerals and rocks
can now be subjected to well-controlled
stress conditions, providing critical infor-
mation for understanding phenomena from
deep earthquakes to the movement of con-
tinents, the atomic-scale underpinning of
plate tectonics (8). With a more interdisci-
plinary outlook, mineral physics is evolv-
ing into the wider field of condensed-mat-
ter geophysics.

This new scope extends outward to the
solar system and beyond, with the discov-
ery of extrasolar system planets. New ma-
terials, from fullerenes to dense silicates
originally synthesized only in the laborato-
ry, are now documented in extraterrestrial
samples, demonstrating the need for labo-
ratory studies and the cross fertilization of
chemistry and physics with conventional
mineralogy. Future space missions will re-
turn samples from other planets, comets,
and asteroids; as with the lunar samples of
the Apollo era, this presents new opportu-
nities for detailed materials characteriza-
tion and improved understanding of the
processes responsible for planet formation
and differentiation. Advances in high pres-
sure temperature experiments provide the
prospect for a new experimental mineralo-
gy of ultradense environments at the ex-
treme conditions approaching those found
within brown dwarfs and a connection to
atmospheric science (8).

A distinguishing feature of natural sys-
tems is their complexity. Mineral thermo-
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