How Old Are the Eukaryotes?

Reports

Abstract. Evidence from Precambrian sediments appears to indicate that nucle-
ated (eukaryotic) organisms had become well established and relatively diverse
about 850 + 100 million years ago and that eukaryotes were probably extant, and
may have first appeared, as early as 1400 + 100 million years ago.

Among major events in biologic evolu-
tion, the origin of the eukaryotic cell
type stands out as having had special im-
pact—an event that both changed the
course and apparently altered the rate of
early evolutionary advance. Although pa-
leobiologic data can be expected to pro-
vide only limited insight into the mode of
origin of eukaryotes, evidence indicative
of the timing of this event should be pre-
served in the fossil record. Assessment
of such evidence, however, is likely to
be difficult. The earliest eukaryotes seem
certain to have been simple, microscopic
unicells. Such eukaryotes, similar in
gross morphology to their prokaryotic
precursors, would be expected to be diffi-
cult to distinguish from prokaryotes in
the early fossil record. Indeed, resem-
blances between degraded, modern blue-
green algae (prokaryotes) and Pre-
cambrian unicells generally regarded as
eukaryotes have recently led Knoll and
Barghoorn (/) to suggest that the Pre-
cambrian fossil record has been misinter-
preted; stating that ‘‘there is simply no
compelling evidence’’ for the existence
of eukaryotes significantly earlier than
the oldest known (Ediacaran) metazoan
fossils (about 650 = 50 million years
old), they speculate that ‘‘eukaryotic
cells may not have existed until very
near the end of the Precambrian.”” In
contrast with this view, we regard avail-
able evidence as indicating that nucle-
ated microorganisms were extant prior
to about 850 = 100 million years ago [the
time of deposition of the micro-
fossiliferous Bitter Springs cherts of cen-
tral Australia (2-6)] and that such orga-
nisms may have been established as
early as 1400 = 100 million years ago.

In moribund cultures of modern pro-
karyotic algae, Knoll and Barghoorn (/)
have observed degraded protoplasts
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which they regard as identical to organ-
elle-like bodies occurring in some uni-
cells of the late Precambrian Bitter
Springs microflora (Fig. 1, A to C, E to
G). On the basis of such comparison,
they interpret the Bitter Springs unicells
as prokaryotes—the organelle-like bod-
ies are regarded as condensed whole
cells (cytoplasm plus cell wall) preserved
within spheroidal remnants of an original-
ly mucoidal sheath (7). This inter-
pretation is not implausible; partially de-
graded protoplasts are known to occur
within some Bitter Springs fossils (2, 3,
7, 8). Nevertheless, as is discussed be-
low, recent studies of these unicells have
shown that there are evident differences
between such protoplasmic remnants
and the organelle-like bodies, and that
the three-dimensional morphology of
these microfossils is generally preserved
by the cell wall and not solely by extra-
cellular sheath material. Current data
suggest that certain of the Bitter Springs
microfossils are of eukaryotic affinities.
In populations of degraded cells of
modern and fossil algae (2, 3, 7-9), cellu-
lar remnants characteristically vary in
size from large, seemingly unaltered
protoplasts to condensed structures
about one-fourth the cell diameter; such
degraded protoplasts are composed of
loosely particulate organic matter (Fig.
1G) generally concentrated in centrally
located globular masses that conform in
outline to the shape of the enclosing cell
(8). In contrast, the organelle-like bodies
measured in about a thousand specimens
of the Bitter Springs unicell Glenobotry-
dion aenigmatis 4, 8) are of small and
relatively constant size (about one-tenth
the cell diameter) and are composed of
dense, finely granular organic matter oc-
curring in eccentrically located bodies
that are independent of the cell shape in

outline (Fig. 1, Cand E to G) (8). Such or-
ganelle-like bodies do not occur in Bitter
Springs cells that are known on other
grounds to be prokaryotic; for example,
although many of the filamentous blue-
green algae of the assemblage contain de-
graded protoplasts, organelle-like bodies
have not been detected in any of the
more than 1850 cells measured in these
fossil trichomes (2, 3). These observa-
tions, coupled with the fact that cy-
toplasmic remnants and organelle-like
bodies occur together within the same
cells (Fig. 1G), lead us to conclude that
these two types of intracellular struc-
tures are of differing origin.

In diameter, the Bitter Springs organ-
elle-like bodies [generally 0.7 to 2.3 um
in size )] are comparable to pyrenoids
[0.8 to 2.1 wm in size (8)] and nuclei [1.5
to 2.2 um in size )] which occur in
many modern eukaryotic algae that are
similar in dimensions to the Bitter
Springs unicells. Like virtually all organ-
elles known from the Phanerozoic fossil
record (¢, 10, 11), organelle-like bodies
in the Bitter Springs algae have been pre-
served by permineralization, the cells
having been embedded in a fine-grained,
chemically precipitated siliceous matrix.
Also like younger fossil organelles, the
Bitter Springs bodies occur in three-di-
mensionally preserved cells that are de-
limited by a well-defined, relatively elec-
tron opaque, organic layer that we inter-
pret as the cell wall; such layers are
optically and ultrastructurally similar to
cell walls of Phanerozoic fossil plants
(11) and of artificially permineralized
modern algae (/2), and they are readily
distinguished from encompassing, loose-
ly particulate, fossilized sheath material
(Fig. 1,B, D, and E).

These data, together with other evi-
dence discussed and tabulated by Oehler
(8), seem to indicate that the Bitter
Springs organelle-like bodies are not rem-
nants of degraded, condensed whole
cells. Rather, the bodies seem more rea-
sonably interpreted as remnants of origi-
nal biologic structures occurring within
spheroidal unicells that are delimited by
their organically preserved cell walls.
The bodies have no obvious morphologi-
cal counterparts among prokaryotes but
are comparable in many respects to nu-
clei and pyrenoids of modern eukaryotic
algae; it thus seems warranted to inter-
pret Bitter Springs unicells containing
such bodies as eukaryotic (13).

Among other evidence from the Bitter
Springs cherts that relates to the possible
existence of eukaryotes is the occur-
rence of a tetrahedral tetrad of sporelike
unicells, interpreted as being of eu-
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Fig. 1 (left). Optical photomicrographs (A to C)
and transmission electron micrographs (D to
G) of organically preserved algal microfossils
from the late Precambrian Bitter Springs
cherts 24, 7, 8). Abbreviations: cw, cell wall;
cy. cytoplasmic remnant; m, membranous
structure; o, organelle-like body; s, sheath.
Fig. 2 (above). Size distributions of modern
spheroidal unicellular algae: prokaryotic (15)
and eukaryotic (/16). Fig. 3 (below). Size
ranges, mean cell sizes, and modal size
groupings (‘‘mode’’) of simple, spheroidal,
algal microfossils measured in petrographic
thin sections of algal laminated (stromato-
lithic) sediments from the 20 Precambrian for-
mations indicated.
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karyotic (green or red algal), meiotic ori-
gin (3). Margulis (/4) has suggested that,
if it is eukaryotic, the tetrad might be
more closely compared with products of
mitotic (green algal or fungal) division.
Thus, both meiotic and mitotic analogs
exist among modern eukaryotic thallo-
phytes for this configuration, a configura-
tion that is of rare occurrence among cy-
anophytes. Such tetrads, although they
possibly represent rearranged products
of prokaryotic fission (5), are ‘‘far more
characteristic of eukaryotes than pro-
karyotes’’ (I4, p. 18); as such, their oc-
currence represents strong supportive
evidence for the existence of eukaryotic
organization during Bitter Springs time.
As is shown in Fig. 2, prokaryotic and
eukaryotic algal unicells differ in their
patterns of size distribution. Modern
taxa of spheroidal cyanophytes (prokary-
otes) range in diameter from less than
1 to about 55 wm, but are commonly
about 4 um in diameter and rarely have a
maximum cell size greater than 15 um
[about 10 percent are greater than 15 um;
about 6 percent are greater than 20 um
(15)]. In contrast, spheroidal chloro-
phytes (eukaryotes) range in diameter
from 1 to about 350 um, exhibit a modal
size- class at about 10 um, and include
many taxa with a maximum cell size
greater than 20 um [about 50 percent are
greater than 15 um; about 35 percent are
greater than 20 um (/6)]. In Fig. 3 are
data for more than 7700 simple spheroi-
dal microfossils measured in petrograph-
ic thin sections of algal laminated sedi-
ments from 20 Precambrian formations
(I7). As is shown, unicells reported from
sediments more than about 1400 million
years old are of small dimensions (1 to 35
um in diameter; 2 percent are greater
than 15 um, 0.4 percent are greater than
20 um) with an average diameter of about
5 um; in cell size, these forms are quite
comparable to modern prokaryotes. In
contrast, all of the Precambrian assem-
blages younger than about 1400 million
years old contain relatively large unicells
(up to 80 um in diameter; 22 percent are
greater than 15 um, 13 percent are great-
er than 20 wm) with an average diameter
of about 13 wum; all contain cells larger
than 45 um in diameter and most contain
cellsin the 60- to 80-um size range [larger
than described prokaryotes (/5)]. Tim-
ofeev (I8) has observed a similar in-
crease in cell size (coupled with a marked
increase in taxonomic diversity) begin-
ning at about 1400 = 100 million years
ago in microfossils studied in acid-
resistant residues of shales. Moreover,
he has detected unusually large unicells
(‘““Megasphaeromorphida’’), from 100 to
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more than 250 um in diameter, in macera-
tions of shales thought to be about
850 = 50 million years old (/8). We inter-
pret these data as indicating that uni-
cellular eukaryotes were probably ex-
tant—and in fact may have first ap-
peared—as early as 1400 = 100 million
years ago and that the lineage had be-
come well established and relatively di-
verse by Bitter Springs time.
Organic-walled, branching filaments of
large diameter (15 to 60 wm) occur in
the approximately 1300-million-year-old
Beck Spring Dolomite of California (19)
and in the younger Skillogalee Dolomite

- of South Australia (5, 20). The discovery

of rare but well-defined cross walls in
these filaments (19, 27) indicates that
they are probably not remnants of blue-
green algal sheaths or tubes formed by
boring cyanophytes, as previously sug-
gested (5, 20). They seem most reason-
ably interpreted as being siphonaceous
green or golden-green (Vaucheriacean?)
algae (19, 2I). Other recent discoveries
suggest that the fossil record of both mi-
croscopic (22) and megascopic (23) eu-
karyotes may extend appreciably further
into the Precambrian than has generally
been supposed.

Thus, we cannot agree with those who
have suggested that ‘‘there is no good
evidence’” for the presence of eu-
karyotes earlier than the Ediacaran
faunas (7). It seems to us that the totality
of evidence indicates the contrary—that
the eukaryotic lineage predates both the
megafossils of Ediacara and the micro-
fossils of Bitter Springs.

Note added in proof: The early occur-
rence of eukaryotes seems further evi-
denced by the recent discovery of
spheroidal unicells more than 500 um in
diameter (and more than ten times larger
than known prokaryotes) in shales of the
Soviet Union thought to be 1000 + 50
million years in age (24).
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