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Abstract. The problem of relationships among the
major basal living groups of land plants is long
standing, yet the uncertainty as to the phylogenetic
affinity of these lines persists in the literature.
Molecular and modern cladistic studies of the
phylogenetic relationships of the above groups
resulted in a large number of conflicting topologies.
However, with the exception of the cladistic analyses
of spermatogenesis, suggesting monophyly of extant
bryophytes, these studies agree the paraphyletic
bryophyte grade is basal within the embryophyte
tree. Here we would like to present analyses on the
basis of the concatenated datasets of nucleotide and
amino-acid sequences of 57 protein-coding genes
common to 17 chloroplast genomes of land plants
and a charophyte algaChaetosphaeridium globosum.
Character-wise, these are the largest datasets cur-
rently available to address the problem of basal
relationships within embryophytes.Main lineages of
bryophytes, i.e liverworts, hornworts andmosses are
represented in our alignments with a single taxon,
whereas 14 taxa represent the tracheophytes. With
our data, phylogeny with liverwort basal appears to
be and artifact related to high and unequal A+T
contents among the sequences analysed. Reducing
this compositional bias and applying methods
developed to counter it, we recovered an alternative,
strongly supported topology wherein both bryo-
phytes and tracheophytes are monophyletic. Within
bryophytes, hornworts are basal and liverworts are
sister to mosses.

Key words: Bryophytes, chloroplast genomes,
molecular evolution.

Introduction

Origin of embryophytes changed the life on
Earth in most dramatic way, creating new
environments and paving the way for the rise
and evolution of terrestrial faunas (see Ken-
rick and Crane 1997a). Latest common ances-
tor of all land plants existed roughly 475
million years ago (Wellman et al. 2003) and
was, of all living forms, most closely related to
modern Charales (Karol et. al. 2001). First
green plants colonized and formed terrestrial
environments somewhere in the mid-Ordovi-
cian age (Strother et al. 1996). Fossil record
documents wide dispersal of land plant spores
in the Llarvirnian sediments (�475 million
years ago) (Wellman et al. 2003). Much
remains unknown about the paths the early
diversification of land plants took. Abundance
of the tetrads among those spores prompted a
suggestion, that the first terrestrial floras were
dominated by the liverwort-like plants (Gray
1993). However, absence of the associated
macrofossils precludes any strong conclusions
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on that matter to be drawn. Dispersal of the
spores typical for land plants predate the
appearance of the first macrofossils of land
plants by �50 millon years (Kenrick and
Crane 1997a). These late Silurian macrofossil
assemblages reveal primitive land plants to be
by the most part small and morphologically
simple forms with isoform life cycles, i.e
similar gametophyte and sporophyte genera-
tions (Schweitzer 1990). These plants (protra-
cheophytes) have been assigned a place within
the vascular plant line of evolution (Kenrick
and Crane 1997b). Their morphologically
relatively complex gametophyte generation
stands, however, in sharp contrast to strongly
reduced gametophytes typical of the extant
vasular plants and is reminiscent of free-living
gametophytes of the extant bryophytes. Pres-
ence of columella in some of these early
Silurian fossils (Horneophyton) only underlines
this resemblance. However, fossil record of
bryophytes can be traced back unequivocally
only as far as late Devonian (�370 million
years ago) (Kenrick and Crane 1997b). Such
large gaps in fossil record hinder investigation
of the life cycle evolution of early land plants.
Another obstacle to this research is that the
relationships among basal embryophyte clades
(polysporangiophytes, liverworts, hornworts
and mosses) remain unclear (see Duff and
Nickrent 1999 and Nickrent et al. 2000 for the
review).

Analyses of morphological characters from
the above four lineages yielded topologies,
pointing to absolutely different scenarious of
early land plant evolution. Mishler and Cur-
chill in 1984 first applied the cladistic approach
in the study emphasizing bryophytes. They
suggested that the tracheophyte clade is sister
to the mosses, which implies paraphyly of
bryophytes. Another important implication of
this topology is that the gametophyte-domi-
nated life cycle of the first land plants was
succeeded by the sporophyte-dominated life
cycle in the tracheophyte lineage. The tracheo-
phyte affinity of the mosses also found support
in the later investigation by Kenrick and Crane
(1997b). Study of spermatogenesis by Garbary

et al. (1993) pointed to the monophyly of
bryophytes, basal position of hornworts within
bryophytes and sister group relationships
between liverworts and mosses. This topology
was later advocated by Maden with co-work-
ers in 1997 in their investigation of sperm
ultrastructure. Within this evolutionary sce-
nario gameto- and sporophyte-dominated life
cycles must have evolved independently from
one another. In 1998 Garbary and Renzaglia,
however, added morphological data unrelated
to the male gametogenesis to their matrix and
published a topology which supported para-
phyly of bryophytes. On their tree vascular
plants are sister not to the mosses, but to the
clade uniting mosses with liverworts. Similar
result was received by Mishler et al. in 1994. In
a later work by Renzaglia and colleagues
(2000), however, the authors suggested that
the earlier perception of leptoids and hydroids
of bryophytes as being homologous to the
sieve elements and tracheids, is wrong and,
again, advocated bryophyte monophyly. Qiu
et al. (1998) interpreted the absence of the
three mitochondrial introns in liverworts and
green algae in favour of the liverwort-basal
topology (i.e as synapomorphous indels).
However, their results indicate that some of
these introns were also missing in the mtDNA
from the non-liverwort land plants, which
makes the synapomorphous status of these
characters (or of their absence) subject to
interpretation.

It is interesting to note that in the cladistic
analyses by Kenrick in Crane (1997b) on the
trees just two and three steps longer than the
most parsimonous one (which supported bryo-
phyte paraphyly) bryophytes were monophy-
letic. On the trees two steps longer Silurian
protracheophytes assumed a position at the
base of the tracheophyte cluster. On the trees
three steps longer they appeared at the very
base of the land plant tree. Such tree instability
shows that the morphological analyses of the
vegetative forms may not be reliable for
elucidating early land plant evolution due to
scarcity of characters available for cladistic
analyses. Cladistic investigation of the basal
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relationships among major lines of land plants
is objectively complicated by difficulty of
establishing homologous characters between
bryophyte and tracheophyte gametophytes
and sporophytes, and by scarcity of these
characters (Renzaglia et al. 2000, Kenrick
2000).

So far, application of molecular techniques
was not able to clarify evolution of the basal
embryophyte lineages. Topologies suggested
by molecular studies are highly contradicting.
Depending on the marker, either mosses
(chloroplast 16S and 23S rRNAs - Mishler
et al. 1992), or hornworts (rbcL - Lewis, et al.
1997, rbcL and three small-subunit rDNA
genes - Nickrent et al. 2000), or liverworts
(cox3 (mit.) - Malek et al. 1996), or liverworts
and mosses taken together (18S rDNA (nuc.) -
Hedderson, et al. 1996, psbA (chloroplast) -
Crowe et al. 1997, 19S rDNA (mit.) - Duff and
Nickrent 1999, five plastid genes - Nishiyama
and Kato 1999) were suggested to share sister
group relationship to the tracheophytes. In the
recent study by Nishiyama et al. (2004), in
which a combined dataset of amino acid
sequences of 51 chloroplast genes was used,
the authors found support for the sister group
relationship between the tracheophytes and all
bryophytes. Analyses of nucleotide sequences
of these genes were not conclusive in the above
study.

Notwithstanding the differences, these trees
have something in common: all intermediate
branches linking four major land plant lin-
eages together are much shorter than the
branches linking the common ancestor of each
respective group to its distant extant posterity.
This indicates that the particular intractability
of reconstruction of the phylogenetic relation-
ships of the four basal land plant lineages can
be attributed to relatively short times of
common history these lineages shared as com-
pared to huge timespans in which they devel-
oped independently afterwards. Such old
radiation would lead to the sparsity of char-
acters bearing witness to those remote evolu-
tionary events, which would explain
contradictory topologies received with differ-

ent markers as resulting from character sam-
pling errors. It seems to us that the solution of
this problem may lie in the accumulation of
large molecular datasets, as it was done by
Nishiyama with colleagues (2004). Now, as
complete chloroplast genomes of all three
major extant bryophyte lines have been pub-
lished, it appears to be of interest to try to
reconstruct the basal land plant topology using
wealth of homologous data they provide, with
a focus on the nucleotide sequences.

Materials and methods

Sequences of 57 protein-coding genes (see Table 1)
shared by completely sequenced and annotated
genomes of Marchantia (Ohyama et al. 1986),
Nicotiana (Shinozaki et al. 1986), Oryza (Hiratsuka
et al. 1989), Pinus (Wakasugi et al. 1994), Zea
(Maier et al. 1995), Arabidopsis (Sato et al. 1999),
Oenothera (Hupfer et al. 2000), Lotus (Kato et al.
2000), Spinacia (Schmitz-Linneweber et al. 2001),
Triticum (Ogihara et al. 2002), Psilotum (Wakasugi
et al. direct submission to Genbank), Chaetosphae-
ridium (Turmel et al. 2002), Adiantum (Wolf et al.
2003), Anthoceros (Kugita et al. 2003), Physcomit-
rella (Sugiura et al. 2003), Calycanthus (Goremykin
et al. 2003a), Amborella (Goremykin et al. 2003b),
Nymphaea (Goremykin et al. 2004) were extracted
with our GBSEARCH script and then were
converted into fasta format. They were sorted into
57 files each containing sequences of an individual
gene and written in one directory. Based on those
files we automatically produced alignments of all
codon positions, of the first and the second codon
positions, of the third codon positions and of the
translated amino acid sequences for each individual
gene with the help of our ALNMAKER script.
These individual alignments of 57 genes of 18
OTUs (operational taxonomic units) were manu-
ally concatenated and edited to produce i) a 40578
positions long alignment containing original gene
sequences, ii) a 13712 positions long alignment
containing their third codon positions, iii) a 26436
positions long alignment containing their first and
the second codon positions and iiii) a 13556 amino
acid positions long alignment of their translated
sequences, which were subsequently used for phy-
logeny reconstruction. We used PAUP* (Swofford
2002) and Phylip (Felsenstein 1989) packages for
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maximum parsimony analyses andTree-Puzzle pro-
gram (Strimmer and von Haeseler 1996) for
maximum likelihood analyses. Analyses utilising
LogDet distance method were performed with
PAUP* package and LDDist (Thollesson 2004)
program. 5% chi-square tests of compositional
homogeneity were performed with the Tree-Puzzle
program.

Results

Analysis of the nucleotide alignments. First, we
analysed the 42000 positions long alignment of
18 OTUs (operational taxonomic units), con-
taining all codon positions. Maximum parsi-
mony heuristic searches as implemented in
Paup* and Phylip packages yielded each a
single tree. The topologies of these trees were
congruent, wherein the branch separating
Chaetosphaeridium with Marchantia from the
rest of the species, the one separating the last
two species and Physcomitrella from the rest of
the species and the one separating algae and all
three bryophytes under analysis from the rest
of the land plants were recovered with 100%
bootstrap proportion support (BP).

The affinity of Marchantia to Chaetosphae-
ridium in the above alignment in which all
codon positions are included is supported by
320 positions in which these two species share
a base to the exclusion of other species. These

Table 1. Genes used in our analyses, with indica-
tion of numbers of different position classes in their
alignments (third codon position excluded)

Gene
name

Alignment
length

constant number of
sites:

non-
inform-
ative

inform-
ative

atpA 1030 723 117 190
atpB 1006 744 128 134
atpE 286 116 56 114
atpF 390 152 93 145
atpH 164 124 24 16
atpI 504 327 73 104
cemA 1041 318 398 325
clpP 502 246 117 139
lhbA 126 80 18 28
petA 650 385 132 133
petB 470 384 53 33
petD 362 256 72 34
petG 78 52 14 12
petL 170 98 47 25
petN 62 37 16 9
psaA 1510 1214 152 144
psaB 1472 1172 160 140
psaC 164 132 19 13
psaI 106 67 13 26
psaJ 90 53 17 20
psbA 708 646 30 32
psbB 1026 778 132 116
psbC 977 818 77 82
psbD 708 611 48 49
psbE 168 133 17 18
psbF 80 59 9 12
psbH 164 97 22 45
psbI 138 110 22 6
psbJ 86 55 17 14
psbK 126 63 24 39
psbL 78 56 14 8
psbM 76 42 16 18
psbN 88 63 15 10
psbT 88 64 5 19
rbcL 962 771 82 109
rpl14 250 138 55 57
rpl16 288 178 43 67
rpl2 558 272 117 169
rpl20 270 95 57 118
rpl32 156 62 35 59
rpl33 146 59 33 54
rpl36 76 46 16 14

Table 1. (Continued)

rpoB 2233 1019 482 732
rpoC1 1474 709 270 495
rpoC2 3405 1233 781 1391
rps11 294 150 53 91
rps12 274 199 38 37
rps14 208 89 53 66
rps18 344 183 82 79
rps19 190 99 29 62
rps2 482 204 107 171
rps3 516 199 126 191
rps4 431 183 110 138
rps7 314 158 68 88
rps8 278 99 66 113
ycf3 368 245 70 53
ycf4 508 272 102 134
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320 positions appear to be of crucial impor-
tance for the stability of the topology with
liverwort basal, since their deletion changes the
MP inference of the bryophyte relationships to
Chaetosphaeridium (Physcomitrella (Marchan-
tia (Anthoceros (vascular plants))), wherein the
branch bearing all plants under analysis with
the exception of Physcomitrella and Chae-
tosphaeridium is supported by 100% BP. Of
320 positions supporting affinity of liverwort
with charophyte alga only 31 (9,7%) contain G
or C in the sequences of these species. Removal
of 289 positions in which liverwort and charo-
phyte sequences share A or T to the exclusion
of other species also leads to the above change
in tree topology, supported by 100/100 BP.
Given compositional bias of these positions
and their strong influence on the phylogeny
inference, a possibility that the topology is
affected by a systematic error cannot be
rejected.

Having found that, we wished to check
compositional homogeneity in the alignment.
In the 5% chi-square test performed with Tree-
Puzzle (Strimmer and von Haeseler 1996), only
two sequences (Arabidopsis and Lotus) passed
the set threshold. This urged us to examine the
compositional biases existing in our data in
detail. Since we previously noticed that the
third codon positions on Nymphaea alba
cpDNA have significantly lower G+C content
than the first and second codon positions
(Goremykin et al. 2004), we wished to check
if this is the general case. The results of our
survey of the G+C content of all codon
positions for the concatenated sequences of the
57 genes from all species under analysis are
presented in Table 2. We determined that
Marchantia, Physcomitrella and Chaetosphae-
ridium have the lowest overall G+C-content
among the species analysed. This bias can be
observed in all codon positions. However, it is
the third codon positions which i) exhibit the
strongest absolute bias and ii) show greatest
irregularities in that bias among the species
analysed. On average, the third codon posi-
tions exhibit �10% less G+C content versus
the second codon positions and �20% less

G+C content than the first codon positions in
angiosperms, whereas in the sequences of
Marchantia, Physcomitrella and Chaetosphae-
ridium that difference is even more pro-
nounced, reaching �15% (second vs. third
position) and �30% (first vs. third position).
The G+C content of the Anthoceros genes is
higher and comes close to the values found for
the tracheophytes. Differences in G+C con-
tent, not exceeding 5,5% in the first and the
second positions in the species under analysis
reach as high as 24.8% in the third codon
position.

Analysed alone, the third codon positions
provide strong support for the topology with
liverwort basal. The parts of phylogenetic trees
depicting relationships of the bryophytes in-
ferred with all MP and distance methods
implemented in PAUP* and two ML models
implemented in the Tree-Puzzle program
(Tamura-Nei and Hasegawa, Kishino and
Yano, both applied with default settings) on
the basis of the above alignment (32 methods in
total, including LogDet) were congruent and
have had the following topology: Chaetosph-
aeridium (Marchantia (Physcomitrella (Anthoc-
eros (vascular plants)))). All above branches
received the highest support in these analyses.
In the alignment of the third codon positions
only two species (Arabidopsis and Lotus)
passed the 5% chi-square test implemented in
the Tree-Puzzle program. The distances from
Chaetosphaeridium to Marchantia, Chaetosph-
aeridium to Physcomitrella and Chaetosphaeri-
dium to Anthoceros calculated with the help of
the above program using Tamura-Nei model of
substitutions on the basis of the alignment of
the third codon positions are, correspondingly,
0.95, 0.97 and 1.14 substitutions per site.

Removal of the third codon positions
from the total alignment significantly de-
creases distances from Chaetosphaeridium to
bryophytes (in the above order, 0.17, 0.17,
0.20 subst./pos.). Yet it does not help to
completely overcome compositional bias in
the data, since 10 species, including Chae-
tosphaeridium, Marchantia and Physcomitrella
(but not Anthoceros) still do not pass the 5%
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chi-square test. MP analysis with the first and
the second codon position alignment recovers
the above mentioned tree with liverwort
basal. Among 77 positions in which March-
antia and the charophyte alga share a char-
acter to the exclusion of other OTUs in the
above alignment, only 16 positions have G or
C in the sequences of these two species.
Interesting is, that when MP search is per-
formed only with positions from the above
partition, which are not affected by a G+C
bias for this algorithm (those are positions in
which all OTUs share either G and C
characters or A and T characters, including
positions with one, or two exceptions if they
are different), another topology of the basal
relationships among the embryophytes was
recovered, albeit with low BP support
(PAUP*, bootstrap majority-rule consensus
tree). On that tree, the most basal split in
land plants separates tracheophytes from
bryophytes. Anthoceros appears basal among
bryophytes and is a sister to the branch
bearing Marchantia and Physcomitrella. The
trees built using LogDet method as imple-
mented in PAUP* and LDDist (Thollesson
et al. 2004) programs from the alignment with
the removed third codon positions, shared the
same topology for bryophytes (Fig. 1). Mono-
phyly of the bryophytes and tracheophytes
and the branch bearing Marchantia with
Physcomitrella received 100% BP support.
Excluding invariant positions with capture-
recapture method of Steel et al. (2000) and
applying rate heterogeneity as implemented in
LDDist results in somewhat lower support for
the above branches (bryophyte monophyly -
94%, tracheophyte monophyly - 92%, sister
group relationship between Physcomitrella
and Marchantia - 99%).

Analysis of the translated sequences. An-
other way to alleviate the problems due to
compositional bias in the sequences is to
translate them into amino-acids. It has been
proposed that, since protein sequences are
under greater pressure to maintain their struc-
ture, their composition can be expected to be
more homogeneous (Loomis and Smith 1990;

Lockhart et al. 1992). Indeed, translation
increases number of sequences which pass
5% chi-square test by 9 (11 species in total).
This time all spermatophytes and Psilotum
pass this test. Still, the problem persists for
bryophytes. Fortunately, a program, which
was specifically developed to correct for com-
positional biases in protein data has been
recently published (Thollesson 2004). This
program (LDDist) utilised the paralinear
method suggested by Lake for protein se-
quences in 1994. The tree built from 13556
positions long amino acid alignment of con-
cateneted sequences of 57 genes using the
above program contains the basal tracheo-
phyte/bryophyte split that we detected with
nucleotide 1.+2. pos. data. Within the
bryophytes, Anthoceros splits off first and
Marchantia is a sister to Physcomitrella. The
bryophyte topology is supported with maxi-
mum BP values and the monophyly of vascu-
lar plants receives 96/100 BP support when the
program is run with default parameters.
Applying rate heterogeneity and excluding
invariant positions with the method of Steel
et al (2000), we received 99% BP for the
branch bearing all bryophytes, 95% BP for the
branch bearing Marchantia and Physcomitrel-
la, and 86% for the monophyly of tracheo-
phytes.

Discussion

The third codon positions of the chloroplast
protein-coding genes under analysis share
high and, what is potentially more dangerous,
more irregular compositional biases in com-
parison with the first and the second codon
positions (see Table 1). With G+C- content
reaching as low as �14% in the third codon
positions of chloroplast genes of Marchantia
and Physcomitrella, these biases can pose a
particularly serious problem for phylogeny
reconstruction in bryophytes. It has been
shown, that log determinant/paralinear anal-
ysis (Steel 1994, Lockhart et al. 1994, Lake
1994), the method of phylogeny reconstruc-
tion which had been developed to overcome
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compositional biases, can fail to elucidate the
correct topology when bias in the data is
especially severe (Foster and Hickey 1999).
Previously we have reported that the high
rates of substitutions in the synonymous
codon positions in chloroplast genes can pose
problems for phylogeny reconstruction (Gor-
emykin et al. 1996 and references therein).
These high rates lead to distances close to
subst. per site in pairwise comparisons
between Chaetosphaeridium and bryophytes
when only the third codon positions of 57

genes land plants and the algae plastomes
share, are analysed.

Taking above considerations into account,
one can conclude, that the result obtained with
the alignment of the third codon positions,
namely, the topology Chaetosphaeridium
(Marchantia (Physcomitrella (Anthoceros (vas-
cular plants)))) may be not reliable and that
the use of the third position data for elucidat-
ing land plant phylogeny should be avoided.

When the third codon positions are
removed from our data, support of the above

0.1 substitutions/site

Chaetosphaeridium

Pinus

Oenothera

Calycanthus

Anthoceros

Triticum

Lotus

Arabidopsis

Nicotiana

Spinacia

Nymphaea

Amborella

Oryza

Zea

Psilotum

Adiantum

Marchantia

Physcomitrella

100

100

100

100

100

100

100

100

100

87

100

100

82

100

100

Fig. 1. Neighbor-joining tree built from LogDet/paralinear distances on the basis of the 26436 pos. long
alignment of the first and the second codon positions sampled from 57 proteins common to completely
sequenced chloroplast genomes and a charophyte alga Chaetosphaeridium globosum. The numbers to the right
of the tree nodes indicate BP support
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topology with MP decreases, but not disap-
pears. As one can see from Table 2 the
compositional bias in the first and the second
codon positions still can favour the branch
separating Marchantia, Physcomitrella and
Chaetosphaeridium from the rest of the spe-
cies. Among 78 positions supporting liverwort
affinity to the charophyte alga, only 16 have
G or C bases in the sequences of these
species. Removing part of phylogenetic signal
affected by bias in the alignment of the first
and the second codon positions results in loss
of support for the topology with liverwort
basal. The tree assumes another topology,
with the first split among the land plants
separating bryophytes from tracheophytes.
Within bryophytes, Anthoceros is basal and
Marchantia is a sister to Physcomitrella. BP
support for this topology is low with MP,
which is probably attributable to the massive
loss of informative positions, resulting from
removal of the part of the alignment affected
by the bias. However, when we applied the
LogDet/paralinear method to the original
first and second pos. data retaining all

phylogenetic signal, this topology received
strong support.

Translation to amino-acids has long been
suggested to decrease the compositional bias.
With our data, while not removing composi-
tional bias completely, it alleviates it for many
species. The tree topology favoured by the
protein LogDet method as implemented in
LDDist program (Thollesson 2004) built on
the basis of the aminoacid alignment is the
same as the one we recovered with nucleotide
LogDet on the basis of the first and the second
codon positions. Relationships among bryo-
phytes are strongly supported.

Given strong compositional biases in the
data, we believe the topology received with
protein and nucleotide LogDet methods is
more likely to reflect the underlying true tree.
These analyses confirm the monophyly of
bryophytes suggested in several morphological
studies (Garbary et al. 1993, Maden et al.
1997, Renzaglia et al. 2000) and by the anal-
yses of amino acid sequences of chloroplast
genes (Nishiyama et al. 2004). We were able to
demonstrate that the nucleotide sequences of

Table 2. G+C content across the codon positions of 57 chloroplast protein-coding genes for species under
analysis

codon positions: 1+2 1st 2nd 3rd

Oryza 45.1 49.7 40.6 31.2
Triticum 45.0 49.4 40.6 30.5
Zea 45.0 49.5 40.5 31.0
Arabidopsis 44.9 49.2 40.6 28.1
Spinacia 45.3 49.8 40.8 28.6
Oenothera 45.8 50.2 41.4 32.6
Lotus 44.5 48.6 40.4 28.1
Nicotiana 45.6 50.2 41.0 29.6
Calycanthus 46.0 50.4 41.7 31.8
Amborella 45.9 50.3 41.5 31.1
Nymphaea 46.0 50.5 41.4 32.2
Pinus 45.6 50.2 41.1 29.9
Adiantum 46.7 50.9 42.6 37.5
Psilotum 44.1 48.5 39.6 26.1
Anthoceros 43.9 47.4 40.4 22.8
Physcomitrella 42.4 46.6 38.2 14.2
Marchantia 41.5 45.4 37.7 12.7
Chaetosphaeridium 41.6 45.0 38.3 15.4
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the genes encoded by cpDNA also support the
sister group relationship between the bryo-
phytes and the tracheophytes and that the
alternative topology with liverworts most basal
among the land plants is a result of a compo-
sitional bias characteristic of these genes.

An importance of this result for the ongo-
ing discussion on the early embryophyte diver-
sification lies in its implication that the
vascular plants are not derived bryophytes.
This is in sharp contradiction to the currently
widely accepted view, as for example; ex-
pressed in (Kenrick 2000): ‘‘The weight of
evidence... implies that vascular plants are
bryophytes with a highly modified life history’’.
The suggestion of ‘‘highly modified life his-
tory’’ stems from profound differences in the
life cycles of tracheophytes and bryophytes. A
necessary assumption of this ‘‘modified his-
tory’’ is that, while in the first phase of land
colonisation by plants, the selection consis-
tently supported complex photosynthetic ga-
metophytes, something happened later, which
made such developed gametophyte a burden.
To our knowledge, no theory was put forward
to elaborate as to the nature of this sudden
change. Furthermore, the fact that no macro-
fossils of bryophytes are known from the time
predating Silurian protracheophytes, seems to
contradict the suggestions of earliest bryo-
phyte-like flora (Gray 1993). Our topology
makes very plausible another scenario of
evolution, advocated by Remy et al. (1993),
in which plants with dominant sporophyte and
gametophyte generations independently devel-
oped from the protracheophytes with iso-
morphic life cycles. Once established, the
respective dominant generation in both lines
became ever increasingly complex, while the
other generation underwent reduction. In
bryophytes development went from photosyn-
thetic sporophyte of hornworts to the reduced
and parasitic sporophytes of liverworts and
mosses. Presence of columella in protracheo-
phyte Horneophyton (Kenrick and Crane
1997b) is in compliance with the basal
position of protracheophytes to all of the land
plants. The columella, accordingly was lost

once in tracheophytes, and one other time in
mosses.

Our choice of methods for phylogeny recon-
struction was strongly limited due to compositional
bias. Therefore it is desirable to check the results we
report on a basis of some extensive, non-biased
data employing substitution models which assume
the stationary evolution process. We also would
like to point out that our results must be perceived
as preliminary, since the choice of taxa in this study
was limited by the low number of complete
chloroplast genomes available.
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