In Fig. 1 I show the results of two sets of calculations. The first, to
provide a baseline, is a calculation with a Y3 pattern of heat flux to
model the present day mantle. This pattern very closely matches the
distribution of |I| for the GAD model (Fig. 1). The second set
consists of four calculations each with a Y5 pattern of heat flux but
with differing amplitude. These show that the distribution of |I|
becomes closer to that observed palaecomagnetically earlier than
250 Myr ago as the amplitude of the variations in heat flux is
increased. The calculations all have a non-zero axial octupole term
in addition to the axial dipole, with all other terms averaging to zero
within one standard deviation. I note that the emergence of an axial
octupole term rather than an axial quadrupole could be anticipated
given the symmetry properties of the dynamo?' (the historical field
shows a strong bias towards odd harmonics) and the symmetry of
the imposed heat flux variation.

These results demonstrate that by altering the pattern of lateral
heat flux variations at the core—mantle boundary it is possible to
find dynamos that generate magnetic fields with persistent axial
octupoles. In other words, they indicate that the tenability of the
GAD model is a function of the pattern of lateral heat flux variations
at the core—mantle boundary. Without doubt, that pattern will have
been different in the past, so I must conclude that it is unsafe to
apply the GAD hypothesis earlier than 250 Myr ago. Indeed, it is no
coincidence that the expected timescale for changes in the pattern of
mantle convection is similar to the timescale on which we can test
the GAD model, as the disappearance of sea floor is itself a
manifestation of cycling or turnover of the mantle.

Several cautions must be raised regarding this study. First,
because of the uncertain relationship between lowermost mantle
heterogeneity and core—mantle boundary heat flux, I am unable to
scale the amplitude of the heat flux variations to the Earth, though
the amplitudes that I have considered here are not unreasonably
large. Second, it is unreasonable to expect that the pattern of heat
flux variations would have remained fixed throughout the Precam-
brian and Palaeozoic. However, suppose that occasionally as the
pattern of mantle convection evolves, the lowermost mantle
acquires a Y3 signature which gives rise to an axial octupole in the
magnetic field, and that at other times (such as the past 250 Myr) the
field is close to a geocentric axial dipole. Then, averaging the field
over a sufficiently long time interval (one that encompasses periods
of Y9 heat flux variation), we would see a bias towards low
palaeomagnetic inclination. So, somewhat unexpectedly, the
reason that the GAD hypothesis works well for the Cenozoic and
Mesozoic may be simply that 250 Myr is too short a period over
which to average the field to test the hypothesis adequately. O
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The geographical origin of modern humans is the subject of
ongoing scientific debate. The ‘multiregional evolution’ hypoth-
esis argues that modern humans evolved semi-independently in
Europe, Asia and Africa between 100,000 and 40,000 years ago',
whereas the ‘out of Africa’ hypothesis contends that modern
humans evolved in Africa between 200 and 100 kyr ago, migrating
to Eurasia at some later time’. Direct palaeontological, archae-
ological and biological evidence is necessary to resolve this
debate. Here we report the discovery of early Middle Stone Age
artefacts in an emerged reef terrace on the Red Sea coast of Fritrea,
which we date to the last interglacial (about 125 kyr ago) using U-Th
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mass spectrometry techniques on fossil corals. The geological
setting of these artefacts shows that early humans occupied
coastal areas and exploited near-shore marine food resources in
East Africa by this time. Together with similar, tentatively dated
discoveries from South Africa’ this is the earliest well-dated
evidence for human adaptation to a coastal marine environment,
heralding an expansion in the range and complexity of human
behaviour from one end of Africa to the other. This new, wide-
spread adaptive strategy may, in part, signal the onset of modern
human behaviour, which supports an African origin for modern
humans by 125 kyr ago.

Our discovery of early Middle Stone Age (MSA) tools within an
emerged reef terrace on the Red Sea coast of Eritrea (Fig. 1) expands
on earlier reports of artefacts found on the surface of Pleistocene
marine deposits elsewhere on the African coast of the Red Sea*™.
Africa is the main source of fossils and artefacts bearing on the study
of early hominid evolution, but the Middle to Upper Pleistocene—a
period which has great potential for resolving the debate about the
origins of modern humans—is largely unstudied as a result of the
paucity of terrestrial exposures of the right age’. Now geological
studies of near-shore marine deposits on the Red Sea coast of East
Africa are helping to fill this gap® by showing that such coastal
environments can yield important information about early human
origins. Our discovery of bifacial handaxes—large, flat, teardrop-
shaped tools flaked over at least part of both surfaces—together

Table 1 U-Th dated last interglacial terraces from the Red Sea coast of the
Sinai Peninsula and Africa

Reference Location Terrace height U-Th age
(m asl) (kyr)
Name Latitude min max min max
Sinai
1 Suweira 28°17' 5 18 119 134
Mureikha 27°56' 13 18 125 132
Point 28 27°53’ 5 8 120
Umm-Sid 27°50' 13 18 81 127
12 Gulf of Agaba 27°43' 3 6 118 125
Egypt
6 Ras Dib 28°05' 13 18 115 127
Gebel Zeit 27°55' 12 18 17 131
Zeituna 27°50’ ihl 119 126
Ras Bahar 27°48' 5 8 123 126
Ras Gemsa 27°40' 10 14 125
Q. el Qadim 26°10’ 7 8 121
S. el Bahari 25°55' 7 121
Wadi Nahari 25°00’ 6 118
Wadi Igla 25°15' 10 115
W. K. el Bahari 24° 40’ 8 120
Red Sea Islands
13 Brothers 26°18' 6 8 125
Zabargad 23°37' 6 8 126
Sudan
14 Marub ? 3 134
Arkiai 20°10’ 3 128
Awaitir 20°08’ 4 132
Arus 20°00’ 3 142
Irayes 19°55' 2 6 125 136
Eritrea
15 Dahlak Kebir 15°45' 5 17 170
This study Abdur 15°09’ 6 14 118 136
Djibouti
16 Fagal 12°26' 3 110 125
Wayed Kibo 11°567' 3 12 124 133
Helento 11°562" 13 123
17 Baie Beheta ? 1 9 105 120
Kala 'assa 13°10' 2 3 137
Tadjura 11°50’ 32 116
Obock 11°56' 20 136
Dijibouti 11°30" 9 126 142

m asl, metres above sea level. These dates indicates modest, but variable, tectonic uplift of the Red
Sea coast over the last 125 kyr, accounting for current terrace elevations that are slightly above the
estimated height of sea level during the last interglacial period: estimates for the height of the Red
Sea during the last interglacial vary from +3m to +8m (refs 6, 14 and 18).
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with obsidian flake and blade tools is unusual, indicating that old
and new tool technologies were used at the time this reef formed.

The area we studied lies along the west coast of the Buri Peninsula
(Fig. 1), which exposes a Pleistocene reef terrace near the village of
Abdur. This terrace encompasses a 6.5 km by 1 km stretch of raised
shoreline on the eastern coast of the Gulf of Zula (Fig. 2a). It is the
fossil remnant of a NS trending fringing reef, which consists of
near-shore environments to the east, a central belt of fossil coral
reefs, and offshore environments to the west. We subdivided Abdur
into three geographic districts: Abdur South (AS), Abdur Central
(AC) and Abdur North (AN) (Fig. 2a).

This Pleistocene reef terrace, termed here the Abdur Reef Lime-
stone (ARL), originally formed in shallow water as a shell and coral
biostrome, a laterally extensive sheet-like mass of rock built by
sedentary marine organisms and composed mainly of their remains.
The top of the terrace now ranges in average elevation from about
+6 m (above sea level) at Abdur South to +10 m at Abdur Central to
+14 m at Abdur North. This general rise in elevation is due, in part,
to regional NNW-SSE trending normal faults that step up, en
echelon, to the northeast (Fig. 2a). A second group of smaller
normal faults is observed that trend NNE-SSW, which might be
related to local doming of the Abdur Volcanic Complex that
underlies the ARL to the east. This doming apparently also caused
seaward tilting of the terrace; about 5° at Abdur South and Abdur
Central, and about 1-2° at Abdur North.

The ARL is composed of 1-5m thick build-ups of molluscs,
corals, echinoderms and bioclastic sands. At Abdur North the reef is
built mainly on older sedimentary rocks, named here the Buri
Sequence, which consist of a succession of shallow marine, fluvial
and lacustrine sediments more than 10m thick that were faulted
and deformed prior to deposition of the ARL (Fig. 2a and b). To the
east, along its landward fringes, the reef laps onto the Abdur
Volcanic Complex (Fig. 2a), which in turn overlies the Buri
Sequence. To the south, at Abdur Central and Abdur South, the
reef laps onto the volcanic complex, but the underlying Buri
Sequence is not exposed.

Abdur North is the most laterally extensive and best studied of the

40° 30'

Figure 1 The study area. a, Map of the Red Sea basin after ref. 18. Filled circles depict
approximate locations of last interglacial coral terraces of the Red Sea (see Table 1). b, A
7-4-2 Landsat Thematic Mapper image of the study area. The Abdur Reef Limestone and
the archaeological sites discussed here are located on the Gulf of Zula coast near the
village of Abdur (arrow). (Scale: 30 minutes in latitude = 55 km). Figure courtesy of

M. Abdelsalam, University of Texas at Dallas.
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three geographic districts (Fig. 2a). Thirteen stratigraphic sections
were measured, and faunal samples were collected from seven
representative sections. Here the ARL is composed of the 0.5-
3.1 m thick Tower shell zone’, which grades upward into the 0.5—
1.5 m thick ‘upper coral zone’. Present over much of the area at the
base of the ARL, immediately below the lower shell zone, is a
distinctive 15-30 cm thick cobble lag deposit consisting of locally
derived limestone and volcanic clasts in a carbonate sand matrix.
The ‘basal cobble zone’ overlies an irregular erosional surface, an
angular unconformity, that truncates the underlying, tilted Buri
Sequence. This lag formed during marine transgression when high-
energy wave activity winnowed away finer particles, leaving the
coarse cobbles behind. As water depth increased during the trans-
gressive cycle the cobbles submerged into a restricted, quiet bay as
an anchorable substrate suitable for growth of rich oyster beds.

Basal
, 4~ Cobble
L Zone

L A o‘h%ﬁ/

Oyster  Obsidian tool

shells Crab claw

. a 5 1
Coastline IR I |
km

Figure 2 Archaeological finds and their locations. a, Geological map of the Abdur field
area, showing the location of measured stratigraphic sections (for example, AN-1). Abdur
Reef Limestone (ARL), shaded; Abdur Volcanic Complex, dots; Buri Sequence,
crosshatch; Faults, heavy lines (dashed where inferred); A, location of Abdur village.

b, View of section AN-11, showing the stratigraphic position of in situ obsidian MSA tools
within the basal cobble zone and in the underlying Buri Sequence (triangles). Horizontal
dotted line indicates the basal cobble zone. Vertical dashed line indicates a small, normal
fault shown along strike (U, up; D, down); the prominent resistant layers are displaced by
roughly 3 m across the fault. ¢, A quartz biface, found in situin the lower shell zone of the
ARL at AN-4. Scale is 15 cm. d, Obsidian tools (one heavily patinated), with oyster and
crab parts, all found in situin a coarse bioclastic sand at the base of the lower shell zone at
AS-1. Scale is 15 cm.
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The lower shell zone is composed of bivalves, gastropods,
echinoids, and occasional crustaceans and corals. This zone varies
from being nearly all whole shells cemented together without
matrix, to being entirely composed of sand- and granule-sized
fragments of broken shells. This variation occurs from location to
location and vertically within sections. The ecology of mollusc and
echinoid species suggests a soft, sandy substrate in a shallow to
medium subtidal environment. Bivalves (Tridacna maxima and
Spondylus cf. marisrubris) and gastropods (Chicoreus ramosus,
Cypraea limacina and Cypraea pantherina) from the upper part of
the lower shell zone indicate proximity to coral reefs.

The upper coral zone is composed of scleractinian corals together
with subordinate bivalves, gastropods and echinoids. We interpret
this zone to be a fringing reef that formed in a calm embayment,
similar to reefs forming today in Massawa Bay (offshore of the port
city of Massawa, Fig. 1b). The corals of this zone are: (1) scattered
corals not in growth position (for example, Faviidae in AN-4),
probably representing a sandy talus seaward of the fringing reef, in
water depths of 3 to >8 m; or (2) fields of branching corals in
growth position (for example, Stylophora sp., Goniopora sp.,
Galaxea spp. in AN-7), typical of a reef flat zone of a fringing reef
system, in water depths of 0.5—3 m. This linear reef flat extends from
AN-13 to AN-10 (Fig. 2a), in a N—S belt, parallel to the palaeoshore-
line. It reappears to the south at AC-1 where it shows its best
development.

Along the eastern edge of the ARL, near the ancient shoreline of
the Buri Peninsula, the shell and coral zones give way laterally to a
beach facies, which is 1-2m thick, resistant carbonate-cemented
coarse sand and gravel composed of broken shell fragments inter-
spersed with locally derived gravels of volcanic rock. Scattered shells
of oysters, giant clams and crustaceans are found in this facies, as are
fossils of terrestrial mammals such as elephant, hippopotamus,
rhinoceros and bovid (species not determined).

Abundant stone tools are found in situ in the basal cobble zone,
the lower part of the lower shell zone and the beach facies of the
ARL. At Abdur South, flakes and blades are found throughout the
lower shell zone of section AS-1 (Fig. 2d), which here is a bioclastic
sand with rich concentrations of separated valves of oysters and
other bivalves, gastropods and crustaceans. At AS-2 and AC-1, in
situ flakes and blades are found in the beach facies. At Abdur North
in situ bifaces (similar in appearance to Acheulian hand axes™'°) are
found at AN-1, AN-4 and AN-12, and flakes and blades are found in
situ in the basal cobble zone, the lower part of the lower shell zone
and/or in the beach facies at AN-1, AN-4, AN-7, AN-10, AN-11,
AN-12 and AN-13. Bifaces are made primarily from fine-grained
volcanic rocks, but also from chert and quartz (Fig. 2¢). Flake and
blade tools are made mainly from obsidian (Fig. 2d), but occasion-
ally from chert and quartz. Potential sources of these raw materials
are found within 1 to 20 km of Abdur.

Our initial estimate of the age of the tool-bearing ARL was 125
kyr, based on its relative height above present sea level. Coral
terraces from the Red Sea coast of southern Sinai'', Egypt*", the
Red Sea Islands”, Sudan", the Dahlak Islands” and Djibouti'®"’
(Fig. 1a), all of which are about the same elevation as the ARL,
date to around 125 kyr by U-Th alpha counting techniques (Table
1). The Red Sea is one of the best-dated Quaternary basins in the
world. Fossil beaches and coral reefs of this age (about 115—135 kyr)
were the most common landforms on the Red Sea coast'® when sea
level was 3—8 m higher than today (Table 1).

To confirm this estimate, approximately 100 coral samples were
collected from the upper coral zone of the ARL for species
identification and evaluation for dating. Twenty-four coral samples
were subsequently selected for X-ray diffraction studies as possible
candidates for U-Th mass spectrometry analyses. Six of the 24
samples yielded aragonite contents between 95% and 100%, all
from Abdur North, suggesting that these corals could yield reliable
U-Th ages. Four of the samples are from AN-4, one from AN-7 and
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one from AN-13 (Fig. 2a), representing a wide distribution across
the Abdur North terrace. These six samples were dated using
thermal ionization mass spectrometry (TIMS) U-Th techniques
(Table 2, refs 19 and 20).

Four coral samples from section AN-4 have primary uranium
concentrations and initial uranium isotopic compositions similar to
the modern marine value®, suggesting that the dates are accurate.
The dates range from 118 to 126 kyr ago, confirming that the ARL
formed during the last interglacial high-stand'**"*, oxygen isotope
substage 5e. A fresh quartz hand axe occurs in situ in the lower part
of the lower shell zone of AN-4 (Fig. 2¢), as well as several obsidian
flake tools. Obsidian flake tools were also found at AN-4 in the basal
cobble zone immediately below the lower shell zone.

The coral sample from section AN-7 yields a date of 136 kyr,
slightly older than the dates from AN-4, but still within the temporal
range for the last interglacial high-stand compared to other terraces
on the Red Sea coast (Table 1). Obsidian flake tools were found in
the lower part of the lower shell zone of section AN-7, strati-
graphically below the dated coral.

The sample from section AN-13 yields a date of 156 kyr. This is
probably erroneous because the uranium concentration is about
half the lowest value for primary coralline aragonite (Table 2),
which indicates either U loss from the coral or that the U-Th
measurement was made on a portion of the coral that had a higher
calcite (lower U) abundance than the portion analysed by X-ray
diffraction. Either scenario invalidates the date. An erroneous age is
suggested because the date of 156 kyr would place the coral in the
period of the penultimate glaciation (oxygen isotope stage 6), when
sea levels were about 130 m lower than today™.

Five of six U-Th dates measured on in situ corals from Abdur
North indicate that the ARL was deposited between 118 and 136 kyr
(Table 2). This is consistent with U-Th ages measured on corals
from the last interglacial highstand from the Red Sea basin (by alpha
counting, Table 1) and from elsewhere (by TIMS"*"**). A simple
mean age for the Abdur Reef Limestone, calculated from the five
best U-Th results, is 125 = 7 kyr (10).

We conclude that the stone tools within the ARL are 125 * 7 kyr
old, as shown by their stratigraphic context within this last inter-
glacial reef terrace. Even earlier coastal occupation at Abdur is
suggested by the discovery of obsidian tools in the Buri Sequence
below the ARL (Fig. 2b), but the age of these deposits is not yet
known. The tools in the ARL have fresh, sharp edges, and they are
found in low-energy environments. This indicates that the tools
were not washed in from older sediments. Neither are they younger
artefacts that ‘filtered down’ into the terrace after subaerial expo-
sure, since the tools are found in the lower shell and cobble zones of
the terrace and not in the upper coral zone. Such filtering is also
precluded by the closely packed nature of the deposit itself.

The primary context is confirmed by the distribution of fresh
stone tools within and throughout several reef facies over a wide
area (Fig. 2a). Fresh bifaces and obsidian flakes and blades are found

within the lower half metre of the lower shell layer (Figs 2c and d).
The tools in the basal cobble zone have fresh, sharp edges, whereas
the cobbles are subrounded. Hundreds of freshly preserved obsidian
flake and blade tools are found in the beach rock, usually in close
proximity to fossil remains of land mammals or near the massive
oyster beds.

The simplest explanation for the occurrence of stone tools in the
ARL is that whoever made the tools used them to harvest edible
(energetically profitable and palatable) shallow marine molluscs
and crustaceans and to butcher large land mammals near the shore
of this reef system, and then discarded the tools at the various food
processing sites. Two edible species of oysters are found in growth
position as beds in the basal cobble and lower shell zones (Hyotissa
hyotis and Ostrea cf. deformis). Thirty-one species of edible molluscs
were identified from the lower shell zone. Two groups of decapod
crustaceans were found in the basal cobble zone and the lower shell
zone; one of these groups comprises big brachyuran crabs, which are
edible.

Flake and blade tools from the ARL fit into the broad range of
variability that defines the early Middle Stone Age (MSA)’, but their
stratigraphic association with Acheulian-type bifaces is unusual.
Early MSA tools in Africa are generally found at sites where such
bifaces are no longer present. However, there is currently no precise
definition of what tools comprise the earliest MSA” tool-kit, or
whether the biface—a tool that is generally associated with much
older sites—is or is not part of this transitional assemblage.

The discovery of Palaeolithic artefacts in the Abdur Reef Lime-
stone confirms and expands earlier reports of Acheulian-type tools
found near emerged reef terraces from the central Danakil
Depression’ and the Egyptian coast of the Red Sea®. These earlier
discoveries were not found in geological context, and consequently
no firm assessment of their age is possible. The U-Th dates for the
ARL artefacts, however, now permit us to link the Red Sea coast of
Eritrea with several South African MSA sites that share evidence of
stone tools associated with marine resource adaptations: Herold’s
Bay, Sea Harvest, Hoedjies Punt, Klasies River Mouth and Die
Kelders” Cave™**. The oldest of these, Klasies River Mouth and
Herold’s Bay, are tentatively dated to 115—100 kyr or correlated with
oxygen isotope stage 5 based on geological grounds™*. Archaic
Homo sapiens were recently found at a coastal site in Greece,
estimated to be about 200 kyr, but no stone tools are linked with
the hominids and the date is speculative®.

Archaeological evidence from the ARL confirms that the Red Sea
coast of Africa was occupied by early humans by at least 125 kyr ago,
but we cannot say, as yet, to which hominid species the tools belong.
Human fossils from the last interglacial period at Klasies River
Mouth are attributed to near or fully anatomically modern Homo
sapiens™. Fossils from terrestrial sites of the East African interior,
such as Lake Eyasi (~130 kyr), Mumba Rockshelter (~109-130
kyr), the Ngaloba Beds (~120 kyr) and Omo-Kibish (~130 kyr)’,
suggest that late archaic Homo sapiens and/or anatomically modern

Table 2 2*°Th ages and related data for aragonite coral samples form the Abdur Reef Limestone

Sample Aragonite 28y 232Th 230Th/238y 20Th Age 523U

(%) (p.p.b.) (p.p.t) (activity) (kyr) (initial)
AN-4-1ano. 1 99 3167 (4) 1309 (11) 0.7550 (19) 118.9 (0.6) 167.5(1.8)
AN-4-1ano. 1 99 3287 (4) 374 (10) 0.7492 (20) 117.2(0.6) 167.3(1.8)

Average
118.1 (1.0)

AN-4-1ano. 2 100 3071 (4) 101 (7) 0.7678 (19) 124.0 (0.6) 160.7 (1.6)
AN-4-13ano. 1 96 3153 (4) 991 (12) 0.7537 (18) 119.0 (0.6) 164.8 (1.7)
AN-4-13ano. 3 98 3433 (5) 6 (7) 0.7768 (20) 125.9 (0.7) 166.1 (1.8)
AN-7-6a no. 2 98 2400 (3) 437 (9) 0.8111 (20) 136.4 (0.7) 172.1 (2.0)
AN-13-16a no. 6 95 1280 (1) 4025 (15) 0.8597 (20) 156.0 (0.9) 170.0 (1.9)

Half lives are those quoted in ref. 20. Numbers in parentheses are 2¢ errors. A simple mean age for the Abdur Reef Limestone, calculated from the five best U-Th results, is 125 =+ 7 kyr; see text for details.
Inclusion of the 156 kyr date, which we consider to be erroneous, would make the spread of ages larger than expected for oxygen isotope substage 5e compared to other terraces from the Red Sea (Table
1), except for the Dahlak Islands — the closest of the previously dated terraces to Abdur (Fig. 1 and Table 1).
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humans were in East Africa by the time the ARL was forming. Thus,
the stone tools from the ARL overlap in time with the apparent
transition from archaic to modern Homo sapiens in Africa.

Regardless of which hominid species made the tools at Abdur, or
at the more tenuously dated sites in South Africa, the pressing
question is: what caused such an apparently sudden and widespread
coastal marine adaptation by early humans by the last interglacial
period? Climate changes leading to hyper-arid conditions in Africa
and the Red Sea basin during the penultimate glaciation (~150 kyr)
and at the peak of the last interglacial®*”*® may have been severe
enough to pressure early humans to migrate from once stable
interior habitats to exploit coastal marine habitats for survival. As
opposed to shrinking freshwater environments during these times
(for example, East African rivers and lakes), human adaptation to
marine shoreline environments might have been further influenced
by the lack of competition from other terrestrial mammals for
coastal marine food resources. It is likely, however, that during
extreme hyper-arid conditions marking the peak of the penultimate
glaciation, that the Red Sea basin itself was virtually uninhabitable.

Our working model is that: (1) an adaptation to coastal marine
environments in Africa by 125 kyr marks a significant, new
behaviour for early humans; (2) early humans adopted this strategy
in response to environmental stresses caused by fluctuating glacial—
interglacial climate cycles that were especially pronounced during
the late Middle and early Upper Pleistocene; (3) the proliferation of
this strategy by the last interglacial suggests that its first appearance
was even earlier; (4) the eventual dispersal of humans out of Africa
was due to increased human competition for marine resources,
possibly during hyper-arid conditions; and (5) human populations
dispersed along the Red Sea coast out of Africa into the Levant by
100 kyr ago®, and perhaps across a landbridge between Africa and
Arabia® at the southern end of the Red Sea that was exposed during
sea-level lowstands that mark the last two glacial maxima®. The
artefacts from the Abdur Reef Limestone are in the right geographical
location and of the right age to suggest that the route out of Africa
was along the coast of Eritrea. It is now clear that the Red Sea basin,
and perhaps the entire eastern shoreline of Africa, must be exam-
ined for additional evidence to test this model of early human
occupation of coastal marine environments before 100 kyr ago, and
its role in the dispersal of early humans out of Africa.
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The origin of red algae and the
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Chloroplast structure and genome analyses support the hypoth-
esis that three groups of organisms originated from the primary
photosynthetic endosymbiosis between a cyanobacterium and
a eukaryotic host: green plants (green algae + land plants), red
algae and glaucophytes (for example, Cyanophora)'. Although
phylogenies based on several mitochondrial genes support a
specific green plants/red algae relationship™’, the phylogenetic
analysis of nucleus-encoded genes yields inconclusive, sometimes
contradictory results**. To address this problem, we have analysed
an alternative nuclear marker, elongation factor 2, and included
new red algae and protist sequences. Here we provide significant
support for a sisterhood of green plants and red algae. This
sisterhood is also significantly supported by a multi-gene analysis
of a fusion of 13 nuclear markers (5,171 amino acids). In addition,

## © 2000 Macmillan Magazines Ltd 69




