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modern H. sapiens (Abri Pataud, Obercassel II); male Neanderthals (La
Chapelle aux Saints, La Ferrassie I, Monte Circeo, La Quina V); female
Neanderthals (Gibraltar I); male H. heidelbergensis (Broken Hill, Petralona);
female H. heidelbergensis (Steinheim); male H. erectus (OH 9); female H. erectus
(KNMR-ER 3733). I radiographed all crania except for Skhul IV (B. Are-
nsburg), Petrolona (C. Stringer), KNM-ER 3733 (A. Walker) and Obercassel I
and II, Monte Circeo, La Quina V (T. Molleson). F. Spoor provided CT scans of
the OH 9, Broken Hill and Steinheim specimens.

Measurements. Linear and angular measurements were taken from traced
radiographs using digital calipers accurate to 0.0l mm, and a protractor
accurate to 1°. Measurements include: ASL (anterior sphenoid body length),
the minimum distance from the sella to the posterior maxillary plane; ACL
(anterior cranial base length), from the sella to the foramen caecum; MFL
(midfacial length), the minimum distance from the posterior maxillary plane
to nasion; LFL (lower facial length), from the anterior nasal spine to the
posterior nasal spine; MFP (midfacial projection) from nasion to the foramen
caecum (perpendicular to the posterior maxillary plane); FRA (frontal angle)
from the metopion to the base of the frontal squama relative to the Frankfurt
horizontal; SOL (supraorbital length) from the glabella to fronton (perpendi-
cular to the posterior maxillary plane); GLO (neurocranial curvature or
globularity) from the glabella to the opistocranion; and ECV (endocranial
volume), which was measured by filling crania with beads; estimates of fossil
endocranial volume are from ref. 28. For landmark definitions, see ref. 29.
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Photosynthetic eukaryotes, particularly unicellular forms, pos-
sess a fossil record that is either wrought with gaps or difficult to
interpret, or both. Attempts to reconstruct their evolution have
focused on plastid phylogeny, but were limited by the amount and
type of phylogenetic information contained within single
genes' . Among the 210 different protein-coding genes contained
in the completely sequenced chloroplast genomes from a glauco-
cystophyte, a rhodophyte, a diatom, a euglenophyte and five land
plants, we have now identified the set of 45 common to each and to
a cyanobacterial outgroup genome. Phylogenetic inference with
an alignment of 11,039 amino-acid positions per genome indi-
cates that this information is sufficient—but just barely so—to
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Figure 1 Plastid phylogeny interpreted from chloroplast proteins. a, Rooted nine
species neighbour-joining (NJ) tree of Dayhoff distances for 11,039 amino-acid
positions from 45 orthologous proteins common to these chloroplast genomes
and Synechocystis. All seven branches of this topology (T1) are found in 1,000/
1,000 bootstrap samples in maximum parsimony (PROTPARS of PHYLIP) and NJ
analysis using either Kimura or Dayhoff distances. The root of the tree is assumed
from the model that all plastids sampled here arose from a common chloroplast
ancestor. Branches are numbered 1-7 for convenience (see text). The scale bar
indicates Dayhoff distance. b, Alternative topologies T2, T3 and T4 detected in
protein maximum likelihood™ analyses using the JTT-F model. Taxon abbrevia-
tions are given in Methods; branch 3 is the same as in a.
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identify the rooted nine-taxon topology. We mapped the process
of gene loss from chloroplast genomes across the inferred tree and
found that, surprisingly, independent parallel gene losses in
multiple lineages outnumber phylogenetically unique losses by
more than 4:1. We identified homologues of 44 different plastid-
encoded proteins as functional nuclear genes of chloroplast
origin, providing evidence for endosymbiotic gene transfer to
the nucleus in plants.

By using literature and database searches, we recorded the
presence or absence of the 210 protein-coding genes in nine
chloroplast genomes (that is, all known functional protein-coding
genes and those designated ycfs®). We identified 46 protein-coding
genes whose sequences are known for all nine genomes. Homo-
logues of these from the Synechocystis PCC6803 genome’ were also
retrieved. RbcL was excluded from further analysis because some
rbcL genes in this taxon sample are related by duplication® (paral-
ogy), leaving 45 proteins in the data set. Individual ten-species
alignments were constructed for each gene and concatenated to
produce a data set consisting of 11,039 amino-acid positions per
genome. Trees constructed from these data using the neighbour-
joining method’, with distances estimated using either the Dayhoff
matrix or Kimura’s method (see Methods) in addition to parsimony
analysis, revealed only one topology (T1 in Fig. 1): that is, all seven
branches were found in all 1,000 bootstrap samples by all three
methods.

T1 is also strongly preferred in protein maximum likelihood
(ML)' analysis of the concatenated data using the JTT-F model,
being found at a frequency of 0.8238 in 10,000 bootstrap samples.
But ML detected alternative topologies that the other methods did
not: T2 and T3 (Fig. 1) were found with frequencies of 0.0607 and
0.1155, respectively. To investigate alternative topologies further, we
used ML to compare the concatenate data analysis to results
obtained from individual proteins (Table 1). In individual analyses,
only 11 of the 45 proteins prefer T1 over the alternative topologies at
P = 0.95: petB, psaB, psbC, psbE, psbl, psb], rpl2, rpl14, rpll6, rps3,
rps7. T1 is rejected with a difference in log-likelihood larger than
twice its standard error by only four proteins: rps8 and the subunits
of the chloroplast DNA (cpDNA) encoded RNA polymerase rpoB,
rpoC1 and rpoC2 (see below). The remaining 30 proteins do not
support T1 individually but neither do they reject it at P = 0.95. No
evidence for widespread lateral gene transfer was detected. Lack of
support for T1 by single proteins may be due to sampling error as a
result of the small numbers of sites contained within the individual
alignments. When the 1,081 sites containing insertions or deletions
are excluded from the analysis, bootstrap proportions (BPs) for T1,
T3 and T4 undergo only very minor changes (Table 1), indicating
that such sites have only a small influence on these data.

The BP for T1 increased from 0.824 (concatenate) to 0.925 across
separate analyses (Table 1), raising the question of whether the
single tree of concatenated sequences or the combined result of the
45 individual trees is more reliable. To investigate this, we used the
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Akaike information criterion (AIC)", where AIC is defined as
—2InL + 2N, with InL being log-likelihood and N the number of
parameters. A model that minimizes the AIC is preferable'’. The
JTT-F model uses the amino-acid frequencies of the data (degree of
freedom is 19) and, for a tree with ten operational taxonomical units
(OTUs), 17 branch lengths must be estimated. Therefore, the
number of parameters is 36 (= 17 4 19) for each ML analysis. For
tree 1 and the concatenated analysis including gap sites in Table 1,
AIC was 2 X 124,517.7 + 2 X 36 = 249,107.4. For T1 from sepa-
rate analyses, AIC was 2 X 118,401.8 4+ 2 X 36 X 45 = 240,043.6.
Thus, AIC for the separate analyses is lower than that for the
concatenated analysis. This indicates that the separate analyses
approximate the underlying evolutionary process better than the
concatenated analysis, which assumes homogeneity of substitution
process across genes. This, in turn, indicates that the combined
result of separate analyses should be more reliable than the one
obtained from the concatenated data. Therefore, the higher BP of T1
obtained across separate analyses compared with concatenated
analysis provides further support for T1. All three subunits of the
cpDNA-encoded RNA polymerase (rpoB, rpoCl and rpoC2)
strongly reject T1 and support T2, indicating that Odontella’s rpo
genes tend to branch with their homologues from the chlorophyte
lineage. This could reflect paralogy, stochastic or other'? factors that
may have differentially affected the evolution of rpo genes in the
Odontella/Porphyra lineages. However, when the rpo genes are
excluded from the analysis, the BP for T1 does not increase;
rather, it decreases to 0.72 (Table 1), probably because the rpo
genes reject T3 and T4 even more strongly than T1.

We observed differences in amino-acid composition across gen-
omes: A + T-rich genomes (that is, Euglena) tended to possess
higher frequencies of A 4 T-rich codons, whereas the converse was
observed for Synechocystis (G+C-rich). This might influence the
substitution process at sites under low constraint. We therefore used
a variant of ML taking into account the suggestion" that amino
acids which frequently substitute may influence topology. We
carried out ML analysis after converting all valine residues into
isoleucines and all lysine residues into arginines (V =1, K=R)
or including leucine and methionine into the first group
(I=V =L =M,R = K), but did not obtain significant differences
from the analysis of the original data in either case.

Therefore, ML strongly favours T1 in all types of analysis.
Furthermore, support for T1 increases as the amount of data
analysed increases (Table 1). Although ML, like all methods of
phylogenetic inference, can fail if the assumed substitution model is
incorrect'™'%, the other methods do not detect topologies other than
T1 at all. The most straightforward interpretation of these findings
is that chloroplast genomes (just barely) contain enough informa-
tion to infer fully the properly rooted phylogeny of these nine
photosynthetic organelles.

Chloroplast proteins resoundingly support branches 4—7 in Fig.
1—branches that are known to be correct from the fossil record—

Table 1 Topologies of copDNA-encoded proteins detected by maximum likelihood

T T2 T3 T4
No. of Type of No. of Type of
genes sites sites analysis InL BP* AlnL +s.e. BP AlnL =s.e. BP AlnL = s.e. BP
45 All 11,039 Separate -118,401 9,246 177.9 = 48.4% 1 471 =434 647 65.2 =41.7 106
Concatenate -124,517 8,238 64.1 =39.7 607 36.9 = 35.0 1,155 99.2 = 25.61 0
Excl. gaps 9,958 Separate -103,207 9,030 194.0 = 48.2+ 0 41.0 =423 776 54.2 = 41.0 194
Concatenate -107,972 8,367 109.8 = 38.7+ 21 29.4 =286 1,606 715 x 2511 6
42% All 7,864 Separate 72,762 7199 2474 * 48.4+ 0 322 =364 730 19.7 =365 2,071
Concatenate -76,328 6,880 232.7 = 36.81t 0 23.7 =231 1,623 232230 1,497
Excl. gaps 7,660 Separate 71,010 7,670 252.0 = 48.11 0 33.3+35.6 736 24.2 = 35.6 1,594
Concatenate ~74,531 7451 236.3 + 36.8t 0 228+ 234 1,365 26.1 =23.0 1,184

AlnL + s.e. indicates the difference in log likelihood relative to T1 (the preferred topology in each case) and one standard error of that difference. The TOTALML program in MOLPHY'"® was
used to evaluate the total evidence of separate analyses of individual proteins.

*Bootstrap proportion for topology in 10,000 replicates x 10* using the RELL method™.

+Significantly worse than T1 (AlnL > 2s.e.).

+Excluding rpoB, rpoC1 and rpoC2, which favour T2 and reject T1 at P = 0.95 (see text).
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and clarify several unresolved issues in the early evolution of
photosynthetic organelles. First, branch 3 confirms the chlorophytic
ancestry of Eugelena’s three-membrane bound plastids, as first
suggested by Gibbs', who argued that Euglena’s plastids arose
through secondary symbiosis by capture of a eukaryotic chloro-
phyte in the kinetoplastid lineage (trypanosomes and relatives),
with loss of the chlorophyte nucleus. Common ancestry of the
euglenoid and trypanosomatid nucleocytoplasmic lineages has
never been seriously challenged'®, and is borne out by 18S ribosomal
RNA and protein data". Euglena’s plastid ancestry, however, has
been unrecoverable with rRNA data. Most analyses grouped its
plastids with rhodophytes and only a few detected branching with
chlorophytes, with minimal statistical support™*'. In the case of
rRNA, this is partly due to base-composition bias", but is more
generally attributable to the limited information contained in any
individual gene. Our data also strongly support a common ancestry
for the diatom (Odontella) and rhodophyte (Porphyra) plastid
genomes. In the light of molecular and cytological evidence indicat-
ing a common descent of the diatom nuclear lineage with
oomycetes®, our findings reflect a secondary symbiotic origin of

Odontella’s four membrane-bound plastids*. The chlorophyll a and
phycobilin-containing  cyanelles of the glaucocystophyte
Cyanophora paradoxa, which have retained not only phycobilisomes
but also a eubacterial peptidoglycan wall>*?, branch basal to the
chlorophyte and rhodophyte plastids, a position that has been
impossible to establish with confidence using data from single
genes™. The data analysed here provide strong support for this
basal position.

We have mapped onto the topology T1 of Fig. 1 all 205 genes
demonstrated to exist in the cpDNA molecule ancestral to the
genomes surveyed (Fig. 2). Gene-loss events that are unique to
individual lineages account for the fate of only 58 genes across the
tree. The majority of genes (101) have undergone parallel loss in
independent lineages. In a survey of only nine genomes, we found
that 44 genes were lost twice independently, 43 genes have under-
gone three parallel losses, and 14 genes have been lost four times in
independent lineages. The numbers of unique (6) and parallel (40)
events indicated in Fig. 2 reflect the unlikely but event-minimizing
premise that loss occurred in the form of the indicated gene blocks.
The visible, ongoing process of ndh gene loss from Pinus cpDNA*
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indicates that genes are lost individually, rather than as blocks; the
true numbers of parallel events are therefore probably much greater.
If we use a more realistic model and count each loss of an individual
gene as one event, the ratio of parallel to unique events becomes 4.7
(58 unique versus 273 parallel), an overwhelming excess of parallel
losses.

Some of these genes have been lost altogether, for example
constituents of phycobilisomes (apc, cpc and cpe gene products)
in the chlorophyte and Odontella lineages, whereas others have been
transferred to the nucleus. We have documented 44 bona fide cases
of functional plant nuclear genes among the 210 genes examined
that descend from cyanobacterial genomes (white rectangles in
Fig. 2). These genes became expressed by the eukaryotic transcrip-
tion machinery and acquired transit peptides for reimport of the
encoded products into the organelle of their genetic origin®*'.

Why should plastids tend to donate genes to the nucleus at all?
Nuclear primacy in gene regulation has many advantages™, but
population genetic factors may also be important. Notably, the
effects of Muller’s ratchet—the rapid accumulation of deleterious
mutations in asexual populations—can be observed in metazoan
mitochondrial genomes® and in endosymbiotic bacteria®®. Transfer
of a gene from cpDNA to the nucleus should increase its rate of
recombination and reduce its genetic load. This would generally
favour nuclear fixation and could help to account for the degree of
successful gene transfer indicated in Fig. 2. Chloroplast genomes
furnish plant phylogenetics with a strong backbone and provide a
simple model to study fragmented prokaryotic genomes dispersed
across eukaryotic chromosomes®?. [
Methods
Complete sequences of Zea mays (X86563; zea), Oryza sativa (X15901; ory),
Nicotiana tabacum (S54304; nic), Pinus thunbergii (D17510; pin), Marchantia
polymorpha (X04465; mar), Euglena gracilis (X70810; eug), Porphyra purpurea
(U38804; por), Odontella sinensis (267753; odo), and Cyanophora paradoxa
(U30821; cya) chloroplast genomes were retrieved from GenBank. Starting
with the Porphyra sequence, BLAST searches were made with all designated
encoded proteins and annotated open reading frames. Homologues from the
other eight cpDNAs and from Synechocystis PCC6803 (ref. 7) (syn) were
retrieved. For genes missing in at least one chloroplast genome by this
search, local TFASTA searches were made against six-frame translations of
the nucleotide sequences as a control. The set of 45 orthologous proteins
encoded in all 10 genomes were aligned in individual files with PILEUP of the
Genetics Computer Group (GCG) package, and written into PHYLIP* format
with CLUSTALW?.

The alignment of ten OTUs with 11,039 positions in each sequence was used
as input for Fig. 1. For distance and parsimony analysis, the concatenated data
was bootstrapped®; for ML analysis, the RELL bootstrap method'® was used.
Using the 11,039-site concatenated data, we calculated the approximate InL
(ref. 10) for all 2,027,025 possible trees, and the best 1,000 trees by the
approximate likelihood criterion were provided for full likelihood analysis.
T1 had the highest likelihood. All trees that disrupted any of branches 3—7 were
significantly (AlnL > 5SE) worse than T1. Therefore, branches 3-7 were
defined, and the remaining 15 possible trees were more extensively examined
using various subsets of the complete data (Table 1). Names of the 45 protein
coding genes used for phylogenetic inference are given alphabetically, lengths of
alignment used are in parentheses: atpA (494); atpB (491); atpE (237); atpF
(182); atpH (81); petB (215); petG (38); psaA (754); psaB (738); psaC (82); psa]
(38); psbA (343); psbB (507); psbC (460); psbD (353); psbE (72); psbF (40); psbH
(58); psbI (36); psb] (42); psbK (46); psbL (39); psbN (43); psbT (31); rpl2 (277);
rpl14 (124); rpl16 (134); rpl20 (115); rpl22 (111); rpl36 (38); rpoB (1098); rpoCl
(689); rpoC2 (1388); rps2 (225); rps3 (250); rps4 (211); rps7 (156); rps8 (144);
rps11(146); rps12(123); rps14(103); rps18(60); rps19(94); ycf4 (175); ycf9 (58).

In maize, it is estimated that about 25 sites in cpDNA are subject to RNA
editing”. Although the total degree of editing is not known for all OTUs
considered here, it will only affect comparison of differentially edited codons at
the small fraction of edited sites, and was therefore neglected. The concatenated
alignment contains 4,180 constant and 6,859 polymorphic sites. Criteria for
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indicating the presence of a functional nuclear gene (Fig. 2) were (1) expression
(full-size, or nearly so, cDNA sequence characterized); (2) presence of a
functional or putative transit peptide; and (3) greater similarity between
cpDNA and nuclear homologues than between cyanobacterial and nuclear
homologues. BLAST results apply to GenBank on 15 October 1997. The 32
amino-acid fragment of ycfI present in rice c)DNA (JQ0282) was neglected. To
avoid confusion in Fig. 2, red and green® type rbcL and rbcS are counted and
mapped as two genes, rather than four. PetL, a 31-amino-acid long component
of the cytochrome by/f complex, is too short to detect its Synechocystis
homologue (gi1653694) among the highest BLAST scores, but was counted
as being of cyanobacterial origin; the same applies for ycf33 (67 amino acids long).
BLAST search results, ML results for individual proteins, accession numbers for
identified nuclear homologues, concatenate and individual alignments used in
this study can be retrieved from 134.169.70.80/ftp/pub/incoming/.
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