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 tropages at the larger scales, which suggests
 a common source of variability (probably
 physical).

 Video data acquisition for plankton
 makes possible immediate, in situ observa-
 tion of dominant taxa; such visual observa-
 tions allow instant qualitative assessment of
 taxonomic composition in plankton com-
 munities. Given recent advances in video
 image processing including real-time digiti-
 zation, thresholding, convolutions, and
 edge detection (12), real-time sorting of
 plankton into taxonomic categories will be
 possible in the near future. This will allow
 rapid quantitative mapping of plankton
 abundance together with taxonomic and
 size composition. Rapid acquisition of size-
 dependent taxonomic data over a range of
 scales in a dynamical oceanographic envi-
 ronment will provide new insights into the
 biological and physical processes control-
 ling plankton populations in the sea.
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 Megascopic Eukaryotic Algae from the 2.1 -
 Billion-Year-Old Negaunee Iron-Formation, Michigan

 Tsu-Ming Han and Bruce Runnegar*

 Hundreds of specimens of spirally coiled, megascopic, carbonaceous fossils resembling
 Grypania spiralis (Walcott), have been found in the 2.1-billion-year-old Negaunee Iron-
 Formation at the Empire Mine, near Marquette, Michigan. This occurrence of Grypania is
 700 million to 1000 million years older than fossils from previously known sites in Montana,
 China, and India. As Grypania appears to have been a photosynthetic alga, this discovery
 places the origin of organelle-bearing eukaryotic cells prior to 2.1 billion years ago.

 Megascopic fossils resembling Grypania spi-
 ralis (Walcott) from the late Proterozoic of
 Montana (1, 2), China (2, 3), and India
 (4) occur within the lower part of the
 Negaunee Iron-Formation (IF), northem
 Michigan (Figs. 1 and 2). The Negaunee IF
 (Marquette Range) and correlative Biwabik

 T.-M. Han, Research Laboratory, Cliffs Mining Ser-
 vices Company-Michigan, 504 Spruce Street, Ish-
 peming, Ml 49849.
 B. Runnegar, Department of Earth and Space Sci-
 ences, Molecular Biology Institute, and Institute of
 Geophysics and Planetary Physics, University of Cal-
 ifornia, Los Angeles, CA 90024.

 *To whom correspondence should be addressed.

 IF (Mesabi Range) have given an isotopic
 date (Sm-Nd isochron) of 2110 t 52 mil-
 lion years (5) and are early Proterozoic in
 age. This new horizon predates previously
 known occurrences of Grypania by 700 to
 1000 million years; the fossils are the oldest
 known remains of megascopic organisms.

 Grypania spiralis was a corkscrew-shaped,
 spaghetti-like organism that grew to maxi-
 mum size of about half a meter in length
 and 2 mm in diameter (Fig. 3E). It is
 normally preserved as unbranched, ribbon-
 like films or impressions on bedding planes,
 but a unique specimen from India illustrat-
 ed by Beer (6) is uncompacted, showing
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 that Grypania was originally circular in
 cross section. Rarely seen terminations are
 rounded; well-preserved specimens from In-
 dia and China have transverse markings (2,
 4), which are best interpreted as the trace
 of spiral elements within the wall of the
 organism (7). Thus the corkscrew shape of
 Grypania appears to have been due to su-
 percoiling that was maintained in life and
 death by helical filaments within the body
 wall. As a result, Grypania is almost always
 preserved as a compressed coil, sinuous
 ribbon, or cuspate ribbon. Walter et al. (2)
 regarded the cuspate ribbons as specimens
 of Grypania that had been stretched by
 currents; it was therefore thought that Gry-
 pania might have been tethered during life.

 The Negaunee fossils are from thinly
 bedded magnetite-carbonate-silicate-chert
 IF (silicate horizon) in the Empire Mine
 (8). The fossiliferous zone is exposed on the
 east side of the pit; it is about 335 m above
 sea level and about 180 to 210 m strati-
 graphically above the base of the Negaunee
 IF (Fig. 2). The fossils occur on top of and
 at the base of 1- to 10-mm-thick magnetite-
 rich layers. They are abundant, carbon-
 aceous in composition, and are of two main
 types: coiled, thin filaments resembling
 Grypania spiralis from Montana (Fig. 3, A

 to D); and coiled, thicker forms (Fig. 1)
 that may represent a new genus or species.
 The thinner forms are coiled or curved,
 smooth, uniformly wide filaments, 0.7 to
 1.1 mm in width, and up to 90 mm in
 length. Many are preserved as tightly
 wound coils of three or fewer turns but on
 some surfaces the filaments lie in irregular,
 sinuous or cusp-shaped curves (some bed-
 ding surfaces are covered with fragments of
 many different sizes). The coils are typically
 oval in shape due to post mortem deforma-
 tion, from 5 to 30 mm in average diameter,
 and of various sizes on the same surface.
 Terminations are smoothly rounded except
 where obviously torn. The thicker forms are
 wider (about 1.5 mm), more tightly coiled
 (5 to 9 mm in diameter) and shorter (up to
 30 mm), but in other respects are not
 obviously different from the thinner forms.
 Neither type shows evidence of transverse
 markings.

 Grypania has no certain living relatives
 but is regarded as a probable eukaryotic alga
 because of its complexity, structural rigidi-
 ty, and large size. Spiral-shaped fossil cy-
 anobacteria known as Obruchevella and
 Spirellus are widespread in late Proterozoic
 and early Cambrian strata (9) but even the
 exceptionally large Cambrian forms (Spire-

 Uus) are orders of magnitude smaller than
 Grypania (Fig. 4). Similarly, it is unlikely
 that Grypania was the abandoned giant
 sheath of a sulfide-oxidizing bacterium
 (Beggiatoaceae) as has been suggested for
 late Proterozoic carbonaceous megafossils
 known as vendotaenids (10); the largest
 known bacterial sheaths (0.5 mm in diam-
 eter) are narrower than large specimens of
 Grypania and they lack rounded ends, a
 coiled morphology, and transverse struc-
 tures (11). A third possibility, that Gry-
 pania represents an aggregate of bacterial or
 cyanobacterial filaments, may also be dis-
 carded because even man-made bacterial
 fibers are less well organized and narrower
 than Grypania (12). Natural aggregates of
 filaments (for example, Nostoc colonies)
 may be cylindrical in form and up to 0.5
 mm in width, but they lack structures that
 could maintain a coiled morphology.

 The best modem analog for Grypania
 may be the giant unicellular dasycladacean
 alga Acetabularia (13). Before the formation
 of an umbrella-shaped reproductive cap,
 Acetabulana grows as a narrow cylinder
 about 0.4 mm in diameter and up to 180
 mm in length. The single nucleus remains
 within a holdfast; there is a large, central,
 sap-filled vacuole that occupies most of the
 stalk of the alga so that the cytoplasm,
 which contains numerous chloroplasts and
 mitochondria, is restricted to the periphery.
 Although Acetabularia is unicellular, its
 close relatives have a coenocytic organiza-
 tion, as might have Grypania. In summary,
 Grypania is interpreted as a sessile, eukary-
 otic alga that may have been unicellular but
 is more likely to have been either multinu-
 cleate or multicellular. Few uninucleate
 organisms have achieved the cytoplasmic
 volume (- 1.5 ml) of Indian specimens of
 Grypania (Fig. 3E). As Grypania has no
 obvious modem counterpart, it may belong
 to an extinct algal group.

 Phylogenetic trees constructed from the
 sequences of genes that were duplicated
 before the existence of the latest common
 ancestor of all living organisms have re-

 Fig. 1. Bed surface of Negaunee
 Iron-Formation with numerous
 fragments of Grypania and some
 thicker filaments. Line represents
 2-cm-wide strip of unfossiliferous
 rock; coin is 18.5 mm in diameter.
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 Fig. 3. (A to D) Speci-
 mens of Grypania from
 the Negaunee Iron-For-
 mation, Empire Mine. (E)
 Large specimen of Gry-
 pania spiralis, about
 1100 million years old,
 Rohtas Formation, Semri
 Group, Vindhyan Super-
 group, central India.

 Scale bar in (C) (applies
 to A to D), 1 cm; scale
 bar in (E), 1 cm.
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 Fig. 4. Scatterplot of sizes of late Proterozoic
 and Cambrian spirally coiled cyanobacteria
 (Obruchevella, open circles; Spirellus and
 Jiangispirellus, solid circles) for comparison
 with specimens of Grypania spiralis (open cir-
 cles) and Grypania from the Negaunee Iron-
 Formation (solid circles).

 vealed that eukaryotes are more closely
 related to archaebacteria than they are to
 eubacteria (14). Cavalier-Smith (15) has
 described one plausible scenario for the
 origin of the eukaryotic cell from eubacteria
 that had lost the ability to manufacture
 murine-based cell walls and consequently
 needed an intemal cytoskeleton as well as
 sterols to stiffen cell membranes. He further
 suggested that the earliest eukaryotes would
 have lacked mitochondria and chloroplasts
 as these organelles were acquired by endo-
 symbiosis after the divergence of living
 amitochondriate protists (for example, Gi-
 ardia) from the line leading to organelle-
 bearing eukaryotes (16).

 The time of origin of eukaryotes has
 been estimated by the maximum sizes of
 organic-walled microfossils [> 1.75 billion
 to ?2.0 billion years ago (17)], carbon-
 aceous megafossils [>1.8 billion years ago
 (18)], biomarker molecules (modified ste-
 rols) extracted from Proterozoic rocks

 [> 1.7 billion years ago (19)1, and the mo-
 lecular clock [1.8 billion + 0.4 billion years
 ago (20)1. If the Negaunee fossils are cor-
 rectly interpreted as the remains of eukary-
 otic algae, the origin of organelle-bearing
 eukaryotes must have occurred prior to 2.1
 billion years ago. Although this date is 300
 million years older than most previous esti-
 mates, it may also underestimate signifi-
 cantly the times of origin of (i) the first
 stem group eukaryote (latest common an-
 cestor of all living and extinct eukaryotes);
 (ii) eukaryotic organization (membrane ste-
 rols, cytoskeleton, nucleus, Golgi appara-
 tus, mitosis, and so on); (iii) the first crown
 group eukaryote (latest common ancestor of
 all living eukaryotes); and (iv) the endo-
 symbiotic conversion of purple bacteria and
 cyanobacteria into mitochondria and chlo-
 roplasts in an early eukaryote (2 1). Each of
 these events must have taken place in the
 order given above before about 2.1 billion
 years ago (Fig. 4).

 There is limited geological evidence that
 points to the existence of stem group eu-
 karyotes in the late Archean (>2.5 billion
 years ago). By definition, the first stem
 group eukaryote was either the closest co-
 eval relative of the ancestral archaebacte-
 rium, if the Archaebacteria is a monophyl-
 etic group (22); or the sister species of the
 first sulfobacterium, if Lake's "eocytes" are
 the closest prokaryotic relatives of the eu-
 karyotes (23). Although the second alter-
 native is supported by new evidence (24),
 the long-standing difficulty of resolving the
 topology of the node or nodes near the base
 of the archaebacterial branch of the univer-
 sal tree is an indication that the principal
 groups of archaebacteria and the stem group
 eukaryotes originated at approximately the
 same time (25).

 Exceptionally light carbon isotope ratios

 X u/lrrs e 2t2.7 Gro

 Flg. 5. Cartoon showing the major branches of
 the universal tree of life and the presumed
 position of Grypania in the tree.

 (b13CpDB < -40 per mil) obtained from
 organic matter found in late Archean and
 early Proterozoic rocks (26) have been in-
 terpreted as evidence for the existence, at
 those times, of eubacterial methylotrophs
 that were using methane produced by ar-
 chaebacterial methanogens (27). Thus the
 original stem group eukaryote may have
 lived before 2.5 billion to 2.7 billion years
 ago (Fig. 5). It follows that the divergence
 between eukaryotes and eubacteria may be
 much deeper than the about 1.8 billion year
 date obtained by extrapolating rates of pro-
 tein evolution (20).

 The earliest crown group eukaryotes
 lacked mitochondria and were therefore inca-
 pable of aerobic respiration (15-16). Howev-
 er, Giypania probably respired and conse-
 quently needed at least 1% of the present
 atmospheric level (PAL) of oxygen to survive
 (13). This suggests that oxygen was a signifi-
 cant component of the earth's atmosphere
 (>10-2 PAL O2) during the main period of
 banded iron formation deposition, some 2.0
 billion to 2.5 billion years ago.
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 Modulation of DNA Binding Specificity
 by Alternative Splicing of the Wilms Tumor

 wtl Gene Transcript

 W. A. Bickmore, K. Oghene, M. H. Little, A. Seawright,
 V. van Heyningen, N. D. Hastie*

 The technique of whole-genome polymerase chain reaction was used to study the DNA
 binding properties of the product of the wtl gene. The zinc finger region of this gene is
 alternatively spliced such that the major transcript encodes a protein with three extra amino
 acids between the third and fourth fingers. The minor form of the protein binds specifically
 to DNA. It is now shown that the major form of wtl messenger RNA encodes a protein that
 binds to DNA with a specificity that differs from that of the minor form. Therefore, alternative
 splicing within the DNA binding domain of a transcription factor can generate proteins with
 distinct DNA binding specificities and probably different physiological targets.

 The wtl gene was isolated from the region
 of human chromosome i 1ip3 implicated in
 predisposition to the development of Wilms
 tumor (1, 2). The expression pattern of
 WT1, detection of intragenic deletions,
 and point mutations suggest that this gene
 functions in the regulation of kidney and
 gonadal development and in the genesis of
 Wilms tumor (3). The zinc fingers in the
 WT1 protein are related to those of the
 early growth response (EGR) family of pro-
 teins, and WT1 binds to a consensus DNA

 Medical Research Council Human Genetics Unit,
 Western General Hospital, Edinburgh, EH4 2XU, Scot-
 land.

 *To whom correspondence should be addressed.

 binding site for these proteins (4).
 Studies of EGR1 and EGR2 (5, 6)

 showed that each finger contacts a 3-bp
 subsite of DNA antiparallel to the guanine
 (G) -rich strand of the double helix, so that
 the most COOH-terminal finger contacts
 the 5' end of the binding site. Amino acids
 in the NH2-terminal portion of the ot helix
 of each finger contact G residues in the
 DNA. The amino acid preceding the ot
 helix of each finger (Fig. 1A, box I) con-
 tacts the third base of the subsite (- - G).
 In EGR1 finger 2, the third residue of the ao
 helix (Fig. 1A, box II) contacts the second
 base (- G -), and in fingers 1 and 3 the
 sixth residue (Fig. 1A, box III) contacts the
 first base (G - -). It appears that the

 binding site for an EGR-type zinc finger
 protein can be deduced from this simple
 recognition code. Other nucleotide residues
 seem to be of little importance in determin-
 ing binding specificity, although it seems
 unlikely that proteins with identical con-
 tact residues (for example, EGR1, EGR2,
 and EGR4) fulfill their respective cellular
 functions by binding identical DNA targets
 in vivo (7). Fingers 2 through 4 of WT1
 bind to the EGR1 consensus site (4). How-
 ever, WT1 contains an extra finger not
 found in other EGR-like proteins (Fig. 1A)
 whose function in determining binding
 specificity is not understood.

 The wt1 gene is atypical in another
 respect. In other EGR-like proteins, seven
 amino acids separate adjacent fingers, and
 these may be important in juxtaposing ad-
 jacent fingers correctly relative to the target
 (6). In WT1 use of an alternative 5' splice
 junction introduces three extra amino acids
 (KTS) between fingers 3 and 4 (Fig. 1, A
 and B). This is in fact the predominant
 form of human and murine WT1 mRNA in
 all cells that express WT1 (8), and we refer
 to it here as the +KTS form of WT1. These
 extra amino acids may displace the fourth
 zinc finger relative to the EGR binding site,
 and indeed the +KTS form of WT1 is
 unable to bind this sequence (4, 9). Be-
 cause its conservation and cellular abun-
 dance suggest that the +KTS form of WT1
 has an in vivo function, we have tested
 whether zinc fingers of the +KTS form bind
 to DNA sequences other than the EGR
 binding site.

 We identified binding sites, from the
 human genome, for both forms of the WT1
 zinc fingers, with whole-genome polymer-
 ase chain reaction (PCR) (10). The zinc
 fingers from both the +KTS and -KTS
 forms of WT1 were expressed as ,B-galacto-
 sidase (,-gal) fusion proteins (Fig. 1B) (11)
 and bound in vitro to human DNA, con-
 verted to a form suitable for amplification
 by PCR by ligation to catch-linkers (12).
 After multiple rounds of binding, the am-
 plified DNA was cloned and sequenced.
 Clones derived from this procedure fell into
 two distinct classes depending on the splice
 form of WT1 used (Fig. 2A). Clones iso-
 lated with the -KTS form of WT1 con-
 tained runs of GT dinucleotides, as found
 in the (CA)n class of repeated DNA se-
 quence. Such sequences can present G
 residues in many of the correct positions for
 contact with EGR-type zinc fingers. Elec-
 trophoretic mobility-shift assays were per-
 formed on the whole-genome PCR clones
 (Fig. 2B) (13). The (GT)n-containing
 clones showed reduced mobility with the
 form of WT1 (-KTS) used in their isola-
 tion (Fig. 2B). As judged by competition
 experiments, the binding affinity of -KTS
 WT1 for these sequences is at least four-
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