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more humid conditions. At such times it is also probable that
tributaries (now dry), draining extensive areas and coming in
from the desert along the western flank of the Main Nile, yielded
more amphibole than pyroxene (D. A. Livingstone, personal
communication). On the other hand, increased proportions of
pyroxene transported to the Main Nile (that is, a decrease in
IAmph values) would probably indicate a reduction of vegeta-
tion cover, accentuated erosion of the Ethiopian plateau and
thus more arid conditions. Moreover, some fluctuations recorded
in cores probably reflect temperature and rainfall oscillations.
Lower temperatures may cause an increase in loads contributed
by the Atbara and Blue Nile as a result of solifluction, lowered
tree-lines and increased hillside-slope instability (M. A. J.
Williams, personal communication).

These interpretations can be evaluated in the light of late
Quaternary palaeoclimatological studies that use other tech-
niques, such as the measurement of African lake levels (Fig. 3).
The temporal pattern of the I Amph index in core S7 correlates,
for example, with changes of level of Lake Abhe east of the
Ethiopian plateau®, and lakes in the Ziway-Shala Basin in the
Ethiopian Rift** (Figs 1b and 3). High IAmph values in units
IV and IIT (~40,000-20,000 yr BP) correspond to periods of
high lake levels recorded before about 20,000-17,000 yr BP. Low
I Amph values in unit IT (~20,000 to 12,000-10,000 yr BP) corre-
late with low lake levels from about 20,000-17,000 to 14,000-
10,000 yr BP. IAmph values which increase and then decrease
upward in unit I, between 10 and 5.5 m from the core top, span
a period of high lake levels between 7,000 and 4,000 yr BP. The
increased I Amph values at ~3.4 m may be related to the climatic
phases that induced high lake levels found for ~1,500 yr BP.

In summary, heavy minerals suites in dated Quaternary Nile
delta deposits serve not only as provenance markers'"'® but
also as valuable indicators of East African palaeoclimatic
oscillations. Pronounced time-related changes in proportions of
pyroxene are directly related to climatic oscillations over the
Ethiopian plateau, and to very large changes in sediment loads
of major Nile tributaries. These changes were probably associ-
ated with larger-scale north-south displacements of climatic
belts across extensive sectors of the African continent. This is
supported by correlations of Nile delta compositional data with
variations of lake levels in distant regions, such as Lake Chad?®
(Fig. 3) located at about the same latitude and about 3,000 km
west of the Ethiopian plateau (Fig. 1a). Study of heavy minerals
in dated sedimentary sequences holds promise as an indepen-
dent criterion to be used in conjunction with other methods to
interpret regional palaeoclimatic oscillations. O
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FLOWERING plants or angiosperms have dominated the Earth’s
flora since at least the late Cretaceous' and were already highly
diversified by Barremian times, about 120 million years (Myr)
ago. However, because of the paucity of fossilized angiosperm
reproductive structures from lower Cretaceous sediments®” and
the absence of generally recognized angiosperm fossils from pre-
Cretaceous strata®®, their origins and early evolution remain
obscure. Similarly, attempts to understand pre-Cretaceous angios-
perm evolution*™'' have been impaired by difficulties in defining
and interpreting angiospermous characters in fossil specimens®,
We report here molecular evidence suggesting that angiosperm
ancestors underwent diversification more than 300 Myr ago.

To obtain a molecular view of angiosperm origins we have
determined nucleotide sequences for full-size complementary
DNAs of a slowly evolving glycolytic enzyme, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), from six flowering plants.
The six nucleotide sequences from animals'*'* one from yeast'>,
and nine from plants (this study and refs 16-18) yielded, upon
alignment, 332 codons for comparison in each of the 16 coding
regions. Divergence was measured with the weighted pathway
method'®. Pairwise comparisons between organisms for which
divergence times are roughly known reveal that the nonsynony-
mous substitution rate (K,) of GAPDH has remained constant
along separate eukaryotic lineages (Table 1). Were the nonsyn-
onymous rate for GAPDH within angiosperms or their ante-
cedents markedly accelerated relative to that in animals, we
would expect values of K, for comparisons involving plants to
exceed those for animals versus yeast. Yet the yeast outgroup
reveals that the nonsynonymous rate for GAPDH in plants may
be slightly (7% ) lower than that in animals. Eukaryotic GAPDH
sequences are at compositional equilibrium®® for first and second
codon positions (data not shown); values of K, in comparisons
between angiosperm GAPDH sequences should thus provide
reasonable estimates for the timescale of angiosperm evolution.

Numbers of nonsynonymous and synonymous substitutions
per site (K, and K., respectively) for comparisons between
angiosperm GAPDH sequences are shown in Table 2. Included
in the table are the corresponding values for comparisons of
full-size complementary DNA sequences for chalcone synthase
(CHS), the key enzyme of anthocyanin biosynthesis, from
seven”' of the nine angiosperms considered here. The parallel
analysis of enzymes from primary (GAPDH) and secondary
(CHS) metabolic pathways contributes significantly to the elimi-
nation of potential errors inherent in phylogenetic inferences
based upon a single gene. For these two nuclear genes and the
seven species from which both sequences have been determined,
average divergence at synonymous and nonsynonymous sites
between monocots and dicots consistently exceeds that within
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dicots, congruent with observations for plant organellar DNA
sequences’>>. These findings suggest that no comparisons
between monocots and dicots for GAPDH or CHS involve genes
which were duplicated before the monocot-dicot separation.

Divergence at nonsynonymous sites between angiosperm
GAPDH and CHS ¢cDNAs and the implications for the course
of angiosperm evolution are summarized in Fig. 1. This general
picture of angiosperm evolution is quite distinct from that for
which the fossil record can provide clear evidence. The time of
divergence indicated for the monocot-dicot separation pre-dates
the appearance of generally recognized angiosperm fossil
remains by roughly 200 Myr. The deepest branch of the topology
does not separate Magnolia from the remaining angiosperms*,
but rather monocotyledons from dicotyledons.

Numbers of synonymous substitutions per synonymous site,
K, (ref. 19), were determined for GAPDH and CHS ¢cDNAs
(Table 2) and set in relation to the timescale in Fig. 1 for
estimation of synonymous rates in these two plant nuclear genes.
Based on this timescale, the average synonymous substitution
rate for angiosperm GAPDH from 35 pairwise comparisons is
2.3 x 107° per site per year, which is very close to that for GAPDH
in the mammalian comparison (2.4 x 10~° per site per year). The
synonymous rate for GAPDH of angiosperms and mammals is
then lower than the average for mammalian genes, yet this is
not surprising in light of the generally positive correlation found
between synonymous and nonsynonymous rates'’. The average
synonymous rate obtained for chalcone synthase from 12 total
pairwise comparisons in which the method could effectively
correct for multiple substitutions is 4.9 x 10~° per site per year.
This value is in good agreement with the average synonymous
rate'® for mammalian genes (4.7 x 107°). Thus, if the timescale
depicted in Fig. 1 is approximately correct, the present data
would suggest that nuclear synonymous rates in angiosperms
and mammals are very similar.

There are several alternative hypotheses to account for the
sudden appearance of highly diversified angiosperm taxa in
lower Cretaceous sediments* '?*-?’, Evidence supporting the

TABLE 1 Numbers of nonsynonymous substitutions in glycolytic GAPDH
nucleotide sequences from eukaryotes

n K, s.e. Rate
Plants-animals 54  0.266 (0.021) 0-133x107°
Plants-yeast 9  0.269 (0.022) 0135x107°
Animals-yeast 6  0.287 (0.023) 0.144x10°°
Drosophila-vertebrates 6 0181 (0.017) 0150x1079
Mammals-chicken 2 0.047 (0.008) 0.088 x107°
Human-rat 1 0.030 (0.006) 0179 x107°

Numbers of nonsynonymous substitutions (K,) in glycolytic*® GAPDH
nucleotide sequences from eukaryotes. Values of K, represent the average
of mean values®? for the number of pairwise comparisons given in column
n. The average of standard errors (s.e.) over comparisons are indicated in
brackets. Rates are expressed as numbers of substitutions per site per
year and were calculated with the following divergence times®3252%; plants-
animals-yeast: 1,000 Myr: Drosophila (two genes)-vertebrates: 600 (Myr);
mammals-chicken: 270 Myr; human-rat: 85 Myr. The comparison between
mammals and chicken gives the lowest estimate of nonsynonymous substi-
tution rate for GAPDH, consistent with observations for cytochrome ¢ and
globins 282° in comparisons of these vertebrates. The highest rate (human-
rat) is subject to the stochastic error of a single comparison involving a
rather small number of total substitutions. Average values of K, in interking-
dom comparisons involving plants are lower than that for animals versus
yeast, suggesting a slightly lower overall rate for the line leading to angios-
perms. Using yeast as an outgroup, the relative rates test® reveals no
differences in plant versus animal rates that are significant at P=0.05 (data
not shown). The average nonsynonymous substitution rate for GAPDH from
all 78 pairwise comparisons is 0.135 x107°. The average nonsynonymous
rate for those 15 comparisons excluding plants is 0.141 x 10~°. The latter
average nonsynonymous rate was conservatively chosen to apply to values
of K, in comparisons between angiosperms (Fig. 1) because it provides
minimum estimates of angiosperm age. Although cells representing eukary-
otic algae appeared 1.4-1.5x10° years ago>'*2 the first photosynthetic
eukaryotes were probably not the ancestors of higher plants®2. Use of
divergence times exceeding the estimate of 10° years for piant-animal-yeast
separation would result in lower average values of nonsynonymous rate for
GAPDH and thus imply ages for angiosperms greater than those indicated
in Fig. 1.

TABLE 2 Numbers of nonsynonymous and synonymous substitutions for GAPDH and CHS of angiosperms

GAPDH CHS
n K, x100(s.e.) K, x100 (s.e.) n K, %100 (s.e) K, x100 (s.e.)

Dicots versus monocots

Ranunculus -monocots 2 9.02 (1.1) 156 (47) 4 106(1.1) NC

Sinapis -monocots 2 7.24 (1.0) 173 (20)

Magnolia -monocots 2 746 (1.0) 142 (20) 2 10.5(1.1) NC

Petroselinum  -monocots 2 105 (1.2) 177* (48) 2 11.1(1.2) NC

Scrophulariales -monocots 6 9.62(1.2) 156 (25) 4 11.7(1.2) NC
Monocots versus monocots

Hordeum -Zea 1 2.90 (0.6) 56 (7) 1 6.5 (0.8) 8 (17)
Dicots versus dicots

Ranunculus -remaining dicots 6 7.14 (1.0) 107 (13} 10 101(1.1) 281*% (11)

Sinapis -remaining dicots 6 6.37 (0.9) 136 (23)

Magnolia -remaining dicots 6 6.27 (1.0) 141 (22) 6 9.7(1.1) 240* (55)

Petroselinum  -remaining dicots 6 8.53 (1.0) 128 (17) 6 101(1.1) 261* (26)

Scroph'ales -remaining dicots 12 6.86 (1.0) 123 (16) 12 106(1.1) 289* (108)

Antirrhinum -Solanaceae 2 574 (0.9) 101 (12) 2 6.3(0.9) NC

Nicotiana -Petunia 1 5.60 (0.9) 114 (14)

The table shows the numbers of nonsynonymous (K,) and synonymous (K,) substitutions for GAPDH and CHS of angiosperms, as determined by the
weighted pathway method®® with a program kindly provided by W.-H. Li. Values of K (K, or K,) represent the average of mean values from the number of
pairwise comparisons given in column n. The average standard error (s.e.) over comparisons?? is indicated in brackets. Both CHS cDNAs of Ranunculus®*
and a full-size ¢cDNA from the second active CHS gene of Petunia (J. Reif; unpublished data) were included in the comparisons. Cases in which the method
was unable to correct for multiple substitutions at identical sites are indicated by NC. An asterisk denotes that the method was unable to correct in all
possible pairwise comparisons. Scrophulariales is the common order of Antirrhinum, Petunia and Nicotiana, the latter two being common members of the
Solanaceae. Comparisons for both genes are based upon alignments which exclude amino- and carboxy-terminal regions of length heterogeneity. An average
angiosperm GAPDH pair contains 776 nonsynonymous and 220 synonymous sites. The Nicotiana sequence is only nearly full size*® and thus contains
about 3 per cent fewer sites. An average CHS pair contains 903 nonsynonymous and 264 synonymous sites. GAPDH cDNA clones were identified by
heterologous plaque hybridization to the 1.1-kb Pstl fragment of ps198 (ref. 17) subcloned into plasmid vectors, and sequenced by the chemical cleavage
method®?. The Petroselinum cDNA library was provided by W. Schulz, the remaining clones were isolated from libraries previously described®*. The
published*®*® and six new angiosperm sequences (submitted to GenBank), their alignment to other eukaryotic GAPDH sequences, and the K, matrix of
pairwise eukaryotic comparisons are available from the authors upon request.
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FIG. 1 A molecular view of angiosperm evolution based upon nonsynony-
mous substitutions in GAPDH and CHS. Order and subclass assignment®®
for each species is indicated in parentheses. The time of divergence between
monocots and dicots was obtained by dividing the average value of K, for
GAPDH from all 14 pairwise monocot-dicot comparisons (0.0900 +0.0036)
by twice the average nonsynonymous rate for GAPDH from Table 1 (0.141 X
107° per site per year). The time of subclass radiation for dicots was
estimated by determining the ratios of Ka (dicots-dicots): K,(dicots-
monocots) for GAPDH and CHS for all five dicotyledonous subclasses rep-
resented (Table 1) and multiplying the average of these nine ratios (0.868 +
0.027) with the derived divergence time for monocots-dicots. Divergence
times within the Scrophulariales and for barley-maize were estimated solely
on the basis of K, and average rate for GAPDH. The geological timescale

view of Cretaceous angiosperm origins is of a negative nature
in that lack of generally recognized angiosperm fossils from
older strata is interpreted as nonexistence of the organisms in
pre-Cretaceous time. The present molecular data may be inter-
preted as support for the theories of those who have argued in
favour of a long pre-Cretaceous history for angiosperms.
Palacogeographic** and ecological'® considerations have sug-
gested that the lack of pre-Cretaceous angiosperm fossil remains
could be explained through an adaptation of primitive angios-
perms to restricted (upland) habitats, thus inhibiting fossiliz-
ation up until their Cretaceous invasion of such lowland habitats
as are conducive to sedimentation. The Permo-Triassic time of
primary angiosperm radiation suggested by Axelrod” is easily
reconciled with our results. Yet, using quite difterent arguments,
proponents of polyphyletic angiosperm origins have also sug-
gested that divergence between angiosperm lineages occurred
in pre-Cretaceous times’’. The temporal implications and early
monocot-dicot separation shown in Fig. 1 do not exclude the
hypothesis that some characters viewed as angiospermous® arose
along independent ancestral routes. Recently, most parsimonous
cladistic trees based upon morphological character states’ have
implicated Triassic angiosperm origins, an estimate of angios-
perm age which would appear too conservative in light of the
divergence between angiosperm GAPDH sequences. We con-
clude that the synthesis of molecular and palaeobotanical
findings should result in the generation of experimentally test-
able hypotheses concerning angiosperm phylogeny. O
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