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Abstract Orthologs generally are under selective pressure
against loss of function, while paralogs usually accumulate
mutations and Wnally die or deviate in terms of function or
regulation. Most ortholog detection methods contaminate
the resulting datasets with a substantial amount of paralogs.
Therefore we aimed to implement a straightforward method
that allows the detection of ortholog clusters with a reduced
amount of paralogs from completely sequenced genomes.
The described cross-species expansion of the reciprocal
best BLAST hit method is a time-eVective method for
ortholog detection, which results in 68% truly orthologous
clusters and the procedure speciWcally enriches single-copy
orthologs. The detection of true orthologs can provide a
phylogenetic toolkit to better understand evolutionary processes. In a study across six photosynthetic eukaryotes,
nuclear genes of putative mitochondrial origin were shown
to be over-represented among single copy orthologs. These
orthologs are involved in fundamental biological processes
like amino acid metabolism or translation. Molecular clock
analyses based on this dataset yielded divergence time estimates for the red/green algae (1,142 MYA), green algae/
land plant (725 MYA), mosses/seed plant (496 MYA),
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Introduction
The availability of several complete or nearly complete
genome sequences of plant and algal model species provides the opportunity to investigate their evolution on a
genomic scale. However, the extension of conclusions
drawn from such analyses to, e.g., plants, as a whole, is
diYcult due to possible sampling bias. The reduction of the
analysis to orthologous “benchmark” genes or marker
regions, which can be feasibly compared between multiple
species in parallel is the means to overcome taxon-sampling issues. Yet, if the selection of these benchmark genes
is arbitrary or based on the criterion of availability, unequal
evolutionary rates might falsify the analysis. Paralogous
“contaminations” in a benchmark set can diVuse the signal,
because paralogs often evolve at a diVerent rate than their
primordial ortholog (Blanc and Wolfe 2004; Fares et al.
2006). Hence, a generally applicable, fast and feasible
method to detect orthologous relationships, even among
species where only expressed sequence tag (EST) data are
available, is needed. A classiWcation based on strict orthologous relationships between gene products constitutes a
benchmark for phylogenetic studies, enables calibration of
the molecular clock and should eventually result in a deeper
understanding of plants from genomic and evolutionary
perspectives.
This study uses the predicted proteins of the core eudicotyledon Arabidopsis thaliana, the monocotyledon Oryza
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sativa, the gymnosperm Pinus taeda, the moss Physcomitrella patens, the green and red alga Chlamydomonas reinhardtii and Cyanidioschyzon merolae, thus covering major
phyla of photosynthetic eukaryotes, i.e., plants sensu lato.
Based on molecular clock analyses, approximately
1.6 BYA (Hedges et al. 2004; Yoon et al. 2004) plants split
oV from the animal and fungal lineage by a primary endosymbiotic event, the engulfment of a cyanobacteria-like
prokaryotic cell, eventually leading to the formation of
plastids. About 200 MY later (Hedges et al. 2004; Yoon
et al. 2004) the ancestors of the red and green lineage
(which would later give rise to the Chlorophyta and Embryophyta, i.e., green algae, water and land plants) diverged.
From the ancestor of the red lineage the Rhodophyta (red
algae) emerged as well as several algal divisions which
acquired their plastids by secondary endosymbiosis. The
land plants diverged from the green algae at least 1 BYA,
while mosses and seed plants shared their last common
ancestor at least 450 MYA, as deduced from molecular data
(Theissen et al. 2001; Hedges et al. 2004). We did not
include data from diatoms (Armbrust et al. 2004) or other
secondary endosymbionts because their plastids were
established several hundred MY later.
Orthologs, as deWned by Fitch (Fitch 1970) often perform the same function in diVerent organisms, while paralogs usually deviate in function or regulation from their
archetypical gene (Li et al. 2005; Dutilh et al. 2006).
Recently, the terminology of gene relationships has been
expanded (Fitch 2000; Sonnhammer and Koonin 2002) in
order to clarify the deWnition of paralogs, which is dependent on the frame of reference. While determination of true
orthologs (i.e., a single gene in each organism that can be
traced back to the common ancestor) is most conWdently
achieved by phylogenetic approaches, reciprocal homology
searches have been established as a straightforward method
to determine probable orthologs (Mushegian et al. 1998).
While common orthologs of animals and yeast have already
been analyzed (Mushegian et al. 1998) and orthologs of
species-pairs have been made available (O’Brien et al.
2005), plants have not yet been the focus of such research,
except for phylogenetic proWling approaches of Arabidopsis in comparison with fungi, animals, eubacteria and
archaea (Gutierrez et al. 2004) as well as with a large group
of clustered EST data from plants (Vandepoele and Van de
Peer 2005). Although clusters of orthologous groups
(COGs) have been established for eukaryotes (KOGs)
(Tatusov et al. 2003), these homology-based clusters also
contain paralogs. The same is true for so-called in-paralog
approaches (Remm et al. 2001; O’Brien et al. 2005; Alexeyenko et al. 2006) as well as approaches yielding clusters
of closely related sequences (Lee et al. 2002; Li et al.
2003). In order to reduce the amount of potentially disturbing paralogs we used reciprocal BLAST searches and
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analyzed all six organisms in parallel, creating clusters of
orthologous genes, which contain a single gene from each
studied organism. Hence, the aim of our study was the
detection of orthologs sensu strictu, excluding paralogs,
from six photosynthetic eukaryotes. We evaluated our
method by annotation and phylogenetic analysis of the
ortholog clusters. Subsequently, molecular clock analyses
of the orthologs were used to estimate the divergence times
of red and green algae, mosses, gymnosperms as well as
monocotyledons and core eudicotyledons.

Results
Detection of cross-species ortholog clusters among
photosynthetic eukaryotes
In order to avoid false positives, only clearly deWned homologs were selected, using Wltering criteria designed to avoid
the twilight zone of protein sequence alignments in which
homology cannot be unambiguously determined (Rost
1999). To enable the detection of cross-species orthologs,
reciprocal BLAST searches of all against all species were
performed. Subsequently, we used non-ambiguous keys to
select from the resulting database in order to determine
putatively orthologous genes that were shared by all, or any
chosen subset of species (see Supplementary data for a
graphical representation of the method). Using these
restrictive criteria, we identiWed 9,497 such shared genes
between the angiosperms rice (Liliopsida) and Arabidopsis
(core eudicotyledons). These plants have 2,105 genes in
common with the gymnosperm Pinus, while all land plants
(Embryophyta) share a group of 540 genes. Land plants and
green algae (= green lineage) share 203 genes, whereas the
number drops to 93 clusters when the red alga is included
into this analysis. We determined the global conservation
of the gene clusters using multiple sequence alignments.
Based on global alignments, the minimum average identity
within an ortholog cluster (6-tuple) was around 38%, the
maximum around 85% (see Supplementary data). On average, the genes are »60% identical over the whole sequence
length.
Phylogenetic analyses of the ortholog clusters
Phylogenetic analyses of orthologs have been carried out as
a test for consistency (Mushegian et al. 1998; Raymond
et al. 2002). For example, in an analysis of human, worm,
Xy and yeast orthologs, the majority of ortholog clusters
supported the expected phylogeny. However, unequal evolutionary rates may disturb the phylogenetic reconstruction
in some cases (Felsenstein 1978; Mushegian et al. 1998). In
a similar approach the individual maximum likelihood
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(ML) topologies for the 93 ortholog clusters of the photosynthetic eukaryotes were determined and a consensus tree
was calculated subsequently. In this tree, the generally
accepted species topology is recovered, yet with better support for the lower branches than for the seed plants (data
not shown). In order to determine the reasons for this observation, the phylogenetic trees were analyzed in more in
detail. Scatter plots of quartet puzzling support values versus eVective alignment length and total branch length of the
expected trees, respectively, did not reveal a clear correlation (data not shown). Therefore, the weak support for the
upper branches does not seem to be due to either short
sequence length or varying gene-speciWc rates. The ML
diVerences between best and expected trees were found to
be in a narrow range. For only four out of 93 trees, the likelihood diVerences were found to be signiWcant based on the
Shimodaira-Hasegawa test (Shimodaira and Hasegawa
1999).
Evaluation of the ortholog detection method
The aim of this study was the identiWcation and analysis of
true orthologs common to photosynthetic eukaryotes. Such
genes, common to six diVerent species of major phyla of
algae and plants, would be expected to represent orthologs
sensu strictu, i.e., not containing in- or out-paralogs (with
respect to species A, an in-paralog has arisen within species
B after separation of A and B from the last common ancestor, an out-paralog before that event). By inferring phylogenies of the homologs surrounding and including the
detected 6-tuples, we assessed the quality of our detection
method. All gene clusters were associated with the Boolean
qualiWers true ortholog, species tree ok and single copy
based on manual inspection of the phylogenetic trees. The
qualiWer true ortholog was set if all six selected genes were
correctly selected, i.e., there were no in-paralogs present or
the in-paralog had a larger evolutionary distance to the
other sequences than the selected ortholog. In total, 63 out
of 93 clusters contained exclusively true orthologs (Fig. 1),
i.e., 68% of the 6-tuples were accurately selected by the
cross-species reciprocal BLAST search method. The
expected species phylogeny was considered resolved if the
cluster was not invaded by proteins from wrong taxonomic
groups and the topology of the tree did not contradict the
expected taxonomy, which was true for a total of 55 phylogenies (59%). We assigned the single copy Xag if neither
in- nor out-paralogs were present in the tree. However, we
allowed for the exception that a single species might contain independently acquired paralogs. The single copy status was assigned to 47 (51%) of the clusters (Fig. 1), of
those, 42 were true orthologs as well. Thus, single copy
genes are signiWcantly enriched (P = 0.033, Fisher’s exact
test) among the true orthologs. While the BLAST-based

Fig. 1 Venn diagram of the ortholog clusters. Properties of the 93
ortholog clusters of photosynthetic eukaryotes. The intersections are
not additive, i.e., they are already contained in the main sections. All
ortholog clusters were associated with the boolean qualiWers “true
ortholog”, “single copy” and “species tree ok” based on manual inspection of phylogenetic trees. The qualiWer true orthology was set if all six
selected genes were correctly selected by the detection method. The
expected species phylogeny was considered resolved if the ortholog
cluster was not invaded by sequences from wrong taxonomic groups
and the topology of the tree did not contradict the expected taxonomy.
We assigned the single copy Xag if neither in- nor out-paralogs were
present in the tree. However, we allowed for the exception that a single
species might contain paralogs. In the strict sense (not allowing for an
aberrant species) 26 orthologs were single copy genes, i.e., no detectable paralog was present in any of the six species

method selects »32% of false-positive (paralog) containing
clusters, this error rate drops to 11% for single copy genes.
In the strict sense (not allowing for an aberrant species) 26
ortholog clusters contained single copy genes, i.e., no
detectable paralog was present in any of the six species. All
of these 26 clusters contained exclusively true orthologs.
In order to evaluate the selectivity and sensitivity of our
procedure, it was compared to the results of InParanoid
(Remm et al. 2001; O’Brien et al. 2005). InParanoid detects
1,878 clusters of orthologs among the green alga Chlamydomonas and the red alga Cyanidioschyzon, whereas our
method identiWes 1,439 orthologs; 1,208 orthologs are
identical. Five hundred and seventy-nine orthologs are
unique to InParanoid because these genes were dropped in
our approach due to the 30% identity/alignment length cutoVs. One hundred and forty orthologs are unique to our
result set because they miss InParanoid’s criterion of 50%
coverage but exceed the alignment length cutoV of 100.
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A small set of 91 genes have diVerent partners, either
because we consider the best hit only or they are members
of an InParanoid ortholog cluster (n > 2). Additionally, the
results for all six species were compared to the MultiParanoid (Alexeyenko et al. 2006) method based on the pairwise results of InParanoid. Whereas our approach is
equivalent to a complete linkage clustering, MultiParanoid
generates single linkage clusters. Because the MultiParanoid method is based on pairwise InParanoid results the
clusters can contain more than one protein per organism
(orthologs, in-paralogs). Hence, the results of our method
should be a subset of the MultiParanoid results. Indeed,
with the exception of one cluster, the clusters derived from
our method are a subset of the MultiParanoid clusters. This
aberrant cluster (CO #22) diVers only in one member, the
P. patens protein PPP_312_C1, which does not appear in
any MultiParanoid cluster, although it generates best
BLAST hits during the pairwise searches. All other common proteins are seed orthologs (main orthologs) in InParanoid, respectively, MultiParanoid clusters. In addition the
MultiParanoid result contains 1,194 clusters. Moreover, our
method outperforms the MultiParanoid approach in terms
of runtime and disk space usage. For the given set of organisms our method, including the BLAST searches and their
parsing, it is about an order of magnitude faster than generating the corresponding MultiParanoid results while it
requires only about half the amount of disk space.
Ancient single copy genes and their genetic parentage
We compared the strict single copy genes with the remainder of the 6-tuples in terms of alignment length, average
sequence identity, average quartet support and the fraction
of resolved quartets. Out of these parameters, only the average quartet support values were signiWcantly increased
(P = 0.048) among the strict single copy clusters. Hence,
the proteins do not diVer in length or conservation grade
from those gene families that contain paralogs, but reconstruction of phylogenies from gene families that do not contain paralogs seems to yield better-supported topologies. In
terms of pathway annotation, among the strict single copy
clusters those genes that encode amino acid metabolism are
signiWcantly (P < 0.05) enriched (KEGG KO categories:
00300 Lysine biosynthesis; 00330 Arginine and proline
metabolism; 00220 Urea cycle and metabolism of amino
groups). Proteins involved in translation, energy metabolism and other basic processes are present as well (see Supplementary data).
Plastids have arisen by engulfment of a free-living
cyanobacterial-like prokaryote and subsequent establishment of endosymbiosis. During evolution, the majority of
prokaryotic genes have been transferred to other compartments, mainly to the nucleus, while the gene products are
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targeted to the plastid as well as to other destinations (Martin et al. 2002). The same holds true for mitochondria,
which share their last common ancestor with extant alphaproteobacteria and were established prior to plastids (Gray
et al. 2001). Assignment of putative origin of the orthologs
using BLAST searches revealed that 26 (28%) out of 93
genes were inherited from the mitochondrion, 19 (20%)
from the plastid and 48 (52%) from the ancestral eukaryotic
nucleus, i.e., genes of eukaryotic origin are enriched
(P < 0.002). Among the 26 strict single copy genes, those
of mitochondrial origin (46%) are over-represented
(P = 0.016) in comparison with the other two fractions (nt:
23%; pt: 16%). Also, gene families of mitochondrial origin
contain signiWcantly less in-paralogs (P < 0.027) than those
derived from the ancestral eukaryotic nucleus or the plastid.
Taxonomic proWle
The taxonomic proWle (i.e., the contribution of distinct taxonomic groups to the distribution of homologs) of the true
ortholog clusters correlates well with their genetic origin
(Fig. 2). Most genes of eukaryotic origin are clustered in
the upper part of the heat map. Those clusters contain
homologs from protists, plants, fungi and animals, whereas
eubacterial genes are clearly under-represented. In the
lower part, most of the prokaryotic genes are clustered.
These genes generally prevail among several eubacterial
groups while they are under-represented among most
eukaryotic groups. Yet, there are some genes for which taxonomic distribution and heritage deviate. There are eukaryotic genes that cluster with those of prokaryotic origin
because homologs are present to a large extent among
eubacteria, like cluster 50, 65 and 45. Another trend is the
prevalence of eukaryotic genes among the non-photosynthetic (other) protists, while this taxonomic group is clearly
under-represented among the prokaryotic genes.
Molecular clock analyses date the early evolution of plants
We used the orthologs described here in order to determine
the basic splits of early plant evolution. The 6-tuples were
subjected to likelihood ratio tests in which 14 of the clusters
supported the molecular clock hypothesis. Based on those,
divergence times were calculated by applying the LF
method (Langley-Fitch, assumes a molecular clock) and the
PL method (penalized likelihood, a semiparametric
approach) as implemented in r8s (Sanderson 2003), using
constraints collected from the literature (Table 1). For each
of the clusters the calculations were iterated in order to constrain four of the nodes and calculate a divergence time for
the remaining node. The average calculated divergence
times for the LF and PL method were not signiWcantly
diVerent (P = 0.97), which conWrms that the sequences
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Fig. 2 Taxonomic proWle of the ortholog clusters. The NCBI taxonomy information for all true orthologs was parsed per cluster. After
normalization of the columns, the rows were clustered and visualized
as a heat map (yellow indicates over-represented, blue indicates underrepresented). The columns represent those taxonomic groups, which
contributed signiWcantly to the distribution; the remainder of the

eubacteria, protists, plants and animals was pooled as “other”, respectively. All clusters with a Pearson correlation coeYcient R ¸ 0.7 are
displayed in color to the left of the heat map. The ortholog id and annotation are shown to the right. Color code: yellow—gene of ancestral
eukaryotic origin; green—gene of cyanobacterial origin; red—gene of
alpha-proteobacterial origin; blue font—strict single copy genes

show approximate clocklike behavior and that the estimates
are not dependent on the method. Because only ten out of
the 14 clusters were assigned true orthology, we also tested
whether the estimates were diVerent between these two
populations, which was not the case (P = 0.97). In addition,
the divergence times using a concatenated alignment
instead of the individual alignments were calculated, which
also led to insigniWcant diVerences (P > 0.94). The estimates generated using the LF method exhibit the smallest
average standard deviation. For the full set of individual
alignments LF dates the split between red and green
algae to 1,142 § 167 MY, the green algae/land plant
divergence to 725 § 138, mosses/seed plants 496 § 84,

gymno-/angiosperms 385 § 72 and monocotyledons/core
eudicotyledons to 301 § 93 (Fig. 3, Table 1).

Discussion
Not surprisingly, the set of orthologs detected among the
broad phylogenetic range of phototrophic eukaryotic organisms studied here exhibit a high degree of sequence conservation, being the result of strong purifying selection against
functional divergence or loss of function of these genes.
The genes studied here were already established before the
split of the red and the green lineage at least 1 BYA
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The upper two rows list the minimum and maximum constraints that have been used for the molecular clock analyses together with the associated literature. The corresponding nodes are arranged
as columns and describe the divergence of the respective last common ancestor. The lower four rows contain the results of the molecular clock dating using the PL and LF method, respectively,
both for individual (averaged) and concatenated alignments together with the standard deviation of the average values. All numbers are in million years

1111.16

166.55
1141.63
138.03
725.43

215.18
1167.95

134.97

1212.89

756.32

725.63
93.76
476.65

454.90
365.46
256.46
PL concatenated

372.33
111.25
304.72
PL average

76.56

ButterWeld 2001
Hedges et al. 2004 1174.00

Hedges et al. 2004 1579.00

786.00
Taylor et al. 2005

Hedges et al. 2004 1150.00
Troitsky et al. 1991 899.00

Crane et al. 1995 290.00

Wolfe et al. 1989 360.00

90.00
Minimum constraint

Maximum constraint 240.00

Yoon et al. 2004

396.00

Red/green
algae
Green
STDEV/ref.
algae/land
plants
STDEV/ref.
Moss/seed
plant
Angio-/
STDEV/ref.
gymnosperm
Monocot/core STDEV/ref.
eudicot

Table 1 Constraints used and results of the molecular clock analyses
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Fig. 3 Early evolution of plants. Schematic cladrogram of plant evolution summarizing the data of the molecular clock analyses. The gray
boxes depict the literature-derived range used as constraints (see
Table 1) while the dotted lines represent the estimated divergence
times (LF average, Table 1) for the respective nodes (arrows indicate
standard deviation)

(Hedges et al. 2004; Yoon et al. 2004) and subject to strong
selective pressure, which, as expected, is reXected in the
high conservation grade. It is also to be expected that there
is some variation in gene-speciWc substitution rates, as has
been demonstrated for orthologs of fungi and mammals
(Mushegian et al. 1998). Indeed, a plot of ML gene distances of the clusters revealed that they follow a normal
distribution (data not shown). The fact that the best tree
cannot be distinguished from the expected tree in most of
the cases, together with the low support of the higher
branches, indicates that the seed plant sequences are too
well conserved to unambiguously resolve their phylogeny.
By phylogenetic proWling of 32 plant transcriptomes, a
total of 397 gene families have been detected previously
that are shared among the green lineage (Vandepoele and
Van de Peer 2005), while we detected 203 gene clusters
among these phyla. The Wnding that more gene families are
detected using a clustering approach than by cross-species
reciprocal BLAST searches indicates that our method
selects a lower amount of clusters because it does not allow
paralogs. Apparently, our method preferentially selects single copy genes, most probably because paralogs will not
always yield unambiguous best BLAST hits. Not surprisingly, all of these 26 single copy clusters contained exclusively true orthologs. In general, paralog retention of genes
that encode essential biological functions can be under
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negative selection because of the potentially harmful dosage imbalance that might be associated with such a change
(Birchler et al. 2005).
We compared our method to the pairwise InParanoid
(O’Brien et al. 2005) results of the two algae. While the
results for these two organisms diVer in some aspects, we
do not seem to exclude a large part of orthologs using our
strict criteria as deduced from the fact that the majority of
detected orthologs are identical. Also the comparison to the
multi-species ortholog detection approach MultiParanoid
(Alexeyenko et al. 2006) reveals a high amount of common
ortholog clusters. Yet, our approach detects fewer orthologous clusters between the six photosynthetic organisms.
This leads to the conclusion that our method is more restrictive through exclusion of potential false positives, while
probably losing true positive hits. As our intent was not to
select all orthologous clusters, but to detect and analyze
orthologs; for, e.g., dating purposes, our method is adequately complete. Moreover, our method outperforms the
MultiParanoid approach in terms of runtime and disk space
usage.
Although small and large scale duplication events constantly occur among seed plants (De Bodt et al. 2005) we
detected 26 genes among photosynthetic eukaryotes which
did not retain a paralog over »1.4 BY of evolution. While
genes that were inherited from the ancestral eukaryotic
nucleus dominate the total set of ortholog clusters, genes of
mitochondrial origin are over-represented among the single
copy gene families. Apparently, genes that were transferred
to the nucleus between the primary endosymbiotic event
giving rise to mitochondria and the division of the red and
green lineage are less likely to be retained after duplication.
Those genes encode proteins that are involved in amino
acid metabolism and other primary metabolic processes.
Apparently, ancient genes, which encode essential biological functions are under negative selection against paralog
retention, particularly if they are of mitochondrial origin.
These dominance of eukaryotic parentage among the whole
set has also been found in a study of KOG’s among seven
eukaryotic genomes (Koonin et al. 2004), where 56% of the
genes did not exhibit prokaryotic ancestry.
In terms of the taxonomic proWle, there are some genes
for which taxonomic distribution and heritage deviate
(Fig. 2). E.g., the three mitochondrial ortholog clusters 68,
42 and 20 exhibit a typical eukaryotic proWle except for the
alpha-proteobacterial group from which they are derived.
Apparently, other eubacteria use diVerent genes to fulWll
the functions associated with these orthologs. Among
plants, there are several orthologous gene families with
deviating distribution, e.g., between monocotyledons and
core eudicotyledons, such as cluster 15, 34 and 36.
The detection of recently described panorthologs (Blair
et al. 2005) relies on a pairwise clustering approach and
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subsequent deletion of paralogs. In our ortholog detection
approach we only permit a single sequence to enter the
comparison in the Wrst hand. As both methods detect orthologs from more than two organisms, the outcome is
expected to be approximately the same, i.e., detection of
true orthologs among a group of more than two organisms.
Panorthologs have been successfully applied to calculate
divergence times based on a molecular clock (Blair et al.
2005): however, the analysis focused on animals. We used
the orthologs described here to determine the basic splits of
early plant evolution, namely red/green algae, green algae/
land plants, mosses/vascular plants, gymnosperms/angiosperms and monocotyledons/core eudicotyledons. It has
been shown that divergence times estimates might be inXuenced by, e.g., chosen method or selected dataset (Bell
et al. 2005). Based on the data described above, however,
our dataset yields robust estimates that are not signiWcantly
inXuenced by either gene sampling, methodology or multiversus super-gene approach. All Wve estimates (Fig. 3,
Table 1) are not signiWcantly diVerent (in terms of standard
deviation) from the literature-based constraints. The fossil
record can only provide us with a minimum estimation, i.e.,
with the date that a certain specimen appeared at the latest,
it does not allow to date back to the last common ancestor
and may suVer from biased sampling. The estimates from
the literature for the nodes analyzed here display large variation; with the fossil-based dates usually deWning the lower
(more recent) and the molecular clock analyses the upper
boundaries (Table 1). As an example, based on the fossil
record the ancestors of mosses and seed plants were certainly separated by the time Rhynie chert was deposited in
the Early Devonian, »400 MYA (Taylor et al. 2005) or by
the time spores associated with early land plants were
deposited in the Middle Ordovician, »460 MYA (Kenrick
and Crane 1997), whereas the oldest known bryophyte fossils have been dated to the Late Devonian, »360 MYA
(Crum 2001). Based on molecular clock analyses, the estimates for the divergence of mosses and seed plants range
from 450 MYA (Theissen et al. 2001) up to »900 MYA
(Hedges et al. 2004). In our analysis, this particular node
was dated to 496 § 84 (412–580) MYA, which is a narrower range. The same is true for the divergence time estimate of embryo plants/green algae and green/red algae
(Fig. 3).
Taken together, our ortholog detection is a quick and
easy method to detect cross-species single copy ortholog
clusters. These can easily be selected (based on taxon
strings) from the complete pool of clusters without carrying
out a phylogenetic analysis. The cross-species orthologs
presented in this work constitute a powerful set of markers,
which can be used to increase the taxonomic resolution of
phylogenetic analyses through inclusion of “pre-genome”
organisms for which EST data is present. The ortholog
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clusters have been successfully applied to molecular clock
analyses, dating the major separations of early plant evolution in concordance with the literature. Hence, our crossspecies ortholog detection and subsequent rate analysis is a
convenient method to update our knowledge about early
evolution as the number of completely sequenced genomes
increases.

Methods
Datasets
We used the following datasets to cover as thoroughly as
possible the transcriptomes of all major lineages of photosynthetic eukaryotes.
Arabidopsis thaliana: 28,952 predicted proteins, The
Institute for Genome Research (TIGR) ATH1.pep, (ftp://
ftp.tigr.org/pub/data/Eukaryotic_Projects/a_thaliana/annotation_dbs/ATH1.pep).
Oryza sativa: 88,149 predicted proteins, TIGR
OSA1.pep, (ftp://ftp.tigr.org/pub/data/Eukaryotic_Projects/
o_sativa/annotation_dbs/BAC_PAC_clones/OSA1.pep).
Pinus taeda: TIGR PGI release 5 (35,053 tentative contigs, TCs) (http://www.tigr.org/tigr-scripts/tgi/T_index.cgi?
species=pinus). All non-redundant Genbank full-length
coding sequences from the genus Pinus (txid3337) (224
sequences) were used to calculate a codon usage table for
ESTScan 2.0 (Iseli et al. 1999). The ESTScan prediction
yielded 26,925 open reading frames (ORF) with an average
length of 149 amino acids.
Physcomitrella patens: 26,123 clustered and assembled
public EST (Lang et al. 2005), (http://www.cosmoss.org)
were used for the prediction of ORF for P. patens using
ESTcan 2.0 and a Physcomitrella speciWc model (Rensing
et al. 2005), yielding 22,491 ORF.
Chlamydomonas reinhardtii: 19,832 predicted proteins
from release 2.0, Joint Genome Institute (http://genome.
jgi-psf.org/chlre2/chlre2.download.ftp.htm).
Cyanidioschyzon merolae: 5,013 translated mRNAs,
(http://merolae.biol.s.u-tokyo.ac.jp/download/cds_nt.fasta).
Protein sequences of the cyanobacteria, the alpha-proteobacteria and non-photosynthetic eukaryotes were retrieved
from Genbank (http://www.ncbi.nlm.nih.gov/entrez). For
the collection of additional homologs throughout the available protein space using PSI-BLAST, the UniProt Knowledgebase, http://www.ebi.uniprot.org/database/download.
shtml, was used.
BLAST searches and determination of orthologs
Parsing of the BLAST output, processing, and detection of
orthologous proteins was done using Perl scripts and
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bioperl (Stajich et al. 2002) modules. A MySQL (http://
www.mysql.com/) database was used to enable retrieval of
the orthologs. In order to Wnd orthologous protein pairs
among a pair of genomes, we performed all-against-all
searches between the two sequence spaces using BLASTP
(Altschul et al. 1997). SigniWcant hits were Wltered according to these criteria: E-value <1E-4, >30% identity, alignment length >50% (with respect to the longer sequence) or
>100aa, which places the hits above the twilight zone. A
pair of proteins was labeled as orthologs if both sequences
are each other’s bi-directional best hit. To detect orthologs
among more than two genomes, the accessions of orthologous pairs from the reciprocal all-against-all BLAST
approach were concatenated. These strings were used as
non-ambiguous keys for database queries. Genes were deWned as orthologs if the exact string turns up in every
BLAST result of the given subset of species (see Supplementary data). To determine the genetic origin of the orthologs, BLAST searches against all known proteins of
cyanobacteria, alpha-proteobacteria and non-photosynthetic eukaryotes (cutoV 1E-4, 30% identity, hits at least 50
amino acids long) were carried out. From the respective
best hits those with the highest percentage identity were
selected. In addition, the gene family trees (see below) were
manually inspected to determine as to which organisms
were present in the sister branches with respect to the six
orthologs.
Comparison with InParanoid and MultiParanoid
The pairwise InParanoid run for Cyanidioschyzon merolae
and Chlamydomonas reinhardtii and also the runs for MultiParanoid were performed using the algorithm default values. Except for the conWdence_score cut-oV, which was set
to 1.0, the MultiParanoid default values were used to
retrieve only those proteins, which are main orthologs (seed
orthologs) in InParanoid clusters.
Alignment, distances, phylogeny and rates
The individual ortholog clusters (6-tuples) were aligned
using probcons 1.09 (Do et al. 2005). Pairwise identity values were calculated as inversed, uncorrected distances
based on the multiple global alignments with the EMBOSS
(http://emboss.sourceforge.net/) program Distmat. Based
upon the multiple sequence alignment, pairwise distances
within the 93 6-tuples of orthologs were calculated using
PAML 3.14 (Yang 1997) with the Jones model and the
cleandata option. ML trees were calculated from the 6-tuple
alignments with TREE-PUZZLE 5.2 (Schmidt et al. 2002),
applying the WAG (Whelan and Goldman 2001) substitution model with dataset-derived frequencies, using eight
gamma-distributed rates. The WAG model was applied
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because it has been developed for globular proteins, which
is the case for most proteins in our set. In addition, WAG
was determined as the best model for 80% of the clusters of
a random sample by applying ProtTest (Abascal et al.
2005). Calculation of likelihood values for the expected
topology, likelihood ratio tests and statistical tests between
best and expected trees were also carried out using TREEPUZZLE. An extended majority rule consensus tree was
calculated using the PHYLIP 3.6 (http://evolution.genetics.washington.edu/phylip.html) program Consense. Evolutionary rates were calculated based on the ML likelihood
branch lengths using r8s 1.7 (Sanderson 2003). For the PL
method the value of the smoothing parameter (10,000) was
established using cross validation. For both the PL and the
LF method cross validation and the TN algorithm were
applied. Constraints for the nodes were set as lower and
upper boundaries based on values from the literature (see
Table 1). For each tree the calculations were iterated in
order to constrain four of the Wve nodes and calculate a
divergence time for the remaining node. In order to calculate phylogenies for the gene families surrounding and
including each of the ortholog 6-tuples, homologs were
detected using PSI-BLAST and the resulting hits were
Wltered, clustered and aligned as previously described (Richardt et al. 2007). Near identical sequences (containing up
to 1% substitutions) were reduced to a single representative
and phylogenetic trees were calculated using a combination
of neighbor-joining (Saitou and Nei 1987) and ML
(Schmidt et al. 2002) as previously described (Richardt
et al. 2007).
Annotation and statistics
From the description lines of the ortholog 6-tuples a representative annotation was selected by majority rule, i.e., by
best BLAST hit consensus annotation. In cases where no
clear result could be achieved (11 out of 93), manual annotation was carried out with HMM proWle searches using
HMMer (http://hmmer.wustl.edu/) and the above-mentioned multiple global alignments as well as Interpro (Mulder et al. 2003) database cross references. GO terms were
assigned to the sequences by performing InterPro searches
and parsing of the results using the bioperl module
(Bio::Tools::IPrScan) as described (Lang et al. 2005). The
A. thaliana accessions were used to retrieve the GOA from
TAIR (http://www.arabidopsis.org/tools/bulk/go/index.jsp).
The Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways were assigned to the orthologs using KAAS
(KEGG Automatic Annotation Server 1.10; http://www.
genome.jp/kegg/kaas/). Searches were performed against
the “representative set” with a bit score threshold of 60 and
the single-directional best-hit method (SBH). The resulting
KO (KEGG Orthology) assignments were associated with
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the orthologs based upon the term assigned to the Arabidopsis sequence. In total, 68 (73%) of the orthologs could be
assigned to a pathway. To check for signiWcant deviations,
t-tests and Fisher’s exact tests were carried out. The resulting Fisher’s exact tests P values were adjusted to control
for multiple testing by calculating the false discovery rate
(Benjamini and Hochberg 1995). Statistics were performed
with R 2.1.0 (http://www.r-project.org/). For the visualization of the taxonomic proWles, the NCBI taxonomy information for all clustered sequences was retrieved,
normalized (column-wise log ratio) and subsequently
underwent average linkage clustering and heat map visualization, as described previously (Richardt et al. 2007).
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