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Abstract. Partial sequences of therpoC1 gene from
two species of angiosperms and three species of gymno-
sperms (8330 base pairs) were determined and com-
pared. The data obtained support the hypothesis that an-
giosperms and gymnosperms are monophyletic and none
of the recent groups of the latter is sister to angiosperms.
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Introduction

Study of genes from contemporary gymnosperms and
their homologues in angiosperms may shed light on the
problem of the origin of flowering plants. In this context,
the interrelatedness of Gnetales and angiosperms is of
particular importance, the more so because recent new
data and cladistic analysis of morphological data of ex-
tant and extinct species indicate a very close relationship
of Gnetopsida to angiosperms (see Crane 1985; Doyle
and Donoghue 1987; Doyle 1996, 1998). Though many
morphological and molecular data sets tend to suggest
that Gnteales are the sisters of angiosperms (reviewed in
Doyle, 1998), molecular data derived from the analysis
of small and large nuclear and chloroplast rRNAs (Hori
et al. 1985; Rakhimova et al. 1989; Troitsky et al. 1991;

Shi et al. 1994; Chaw et al. 1997), the internal tran-
scribed spacers cpITS2 and cpITS3 of the chloroplast
ribosomal operon (Goremykin et al. 1996), and the mi-
tochondrial genecoxI (Bowe and DePamphilis 1997)
support, albeit weakly, the monophyly of gymnosperms.
New discoveries revealing highly advanced floral types
in 90 million-year-old deposits (Crepet 1998) and the
recent report of Yurassic angiosperm fossils (Sun et al.
1998) challenge a close gnetalean–angiosperm relation-
ship even more.

When molecular data are used for inferring phyloge-
netic relationships, different genes may yield different
phylogenies, but the reasons for this are not always clear
(e.g., Hedges 1994). Clearly, studies of additional ge-
nome segments are desirable to reconcile the evolution-
ary behavior of molecular and morphological characters.
Comparison of sequences of 58 proteins encoded in chlo-
roplast genomes of pine, rice, maize, tobacco, marchan-
tia, and a red algal outgroup demonstrated that, using
simple methods of inference, only 40 of them permitted
obtaining the true, biologically reasonable phylogenies
of those species (Goremykin et al. 1997). One such pro-
tein is the b8-subunit of chloroplast DNA-dependent
RNA polymerase encoded by the chloroplastrpoC1
gene. Intron sequences of this gene have already been
employed in molecular phylogenetic studies of some
groups of angiosperms (Downie et al. 1996), but with
limited success, because the gene seems to harbor some-
what too little polymorphism to address phylogenetic
questions at lower taxonomic levels. Notably, the pine
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absent in the corresponding sequences of angiosperms.
Hence, it was of interest to look for these indels inGne-
tum and other gymnospermrpoC1 genes.

The present paper contains data on nucleotide se-
quences of two fragments of therpoC1 gene, 1100–1200
and 450–500 base pairs (bp) long, of three species from
different classes of extant gymnosperms—Gnetopsida
(Gnetum gnemon), Ginkgoopsida (Ginkgo biloba), and
Cycadopsida (Cycas revolutaandZamia floridiana)—as
well as of two angiosperm species (Arabidopsis thaliana
andAllium cepa). Data of phylogenetic analysis of these
sequences together with those ofrpoC1 gene sequences
of four other species of angiosperms and a pine (Pinop-
sida) suggest that no contemporary gymnosperm is a
sister to angiosperms, contrary to predictions (Crane et
al. 1995) of anthophyte hypothesis.

Methods

The regions amplified are shown in Fig. 1. Plant DNA was isolated
from either fresh or lyophilized leaf tissue by the CTAB method (Mur-
ray and Thomson 1980). TworpoC1 regions were amplified using
nested PCR; i.e., products of the first PCR were diluted and used as
templates in the second PCR with internal primers. The primer se-
quences (where “I” is inosin) were as follows: 4/5F, 58-TA(CT)CA(AG)
ATGGGITA(CT)AT(ACT)AA(AG)(CT)T-38; 4/5F2, 58-CCIGTI
(AG)(CT)ICA(CT)GTTGGTA(CT)-38; 4/5R1, 58-CC(CT)TC(CT)TTIC
C(CT)TC(AGT)ATIAC(AG)TC-38; 4/5R2, 58-CAIA(AG)IACCATC
CA(CT)T(CT)IGG(CT)TC-38; 4/5R3; 58-GIA(AG)IA(AG)(AG)CA
IA(AG)IACCATCCA-3 8; 6F, 58-CIGA(CT)TT(CT)GA(CT)
GGIGA(CT)CA(AG)ATG-38; 6F2, 58-GGIAA(AG)(AC)GIGTIGA(CT)
TA(CT)-38; 6F3, 58-GGIAT(ACT)CA(AG)GCITT(CT)CA(AG)-38; 6R1,
58-ICCI(AG)(AGC)IGTIGTIC(AGT)(AGT)AT(AG)TA-38; 6R2, 58-
ICC(CT)TG(AGT)ATIGC(CT)TC(CT)TC-38; intronF, 58-AGTCTA
(GT)(CT)(CT)A(GT)(CT)GCATATA-38; intronR, 58-(AT)(CT)TG
(AGT)ATITC(AG)TA(CT)T(CT)(AG)AA-38; and intronR1, 58-GACA
AGAATTTCCATCCA-38.

Amplifications were performed in 10 mM Tris–HCl (pH 8.3), 50
mM KCl, 2–3 mM MgCl2, a 200mM concentration of each dNTP, a 2
mM concentration of each primer, containing 0.5 U of Taq polymerase
(Perkin Elmer) for 30 cycles of a 50-s denaturation step (94°C), a 40-s
annealing step (40–53°C), and a 1-min elongation step (72°C). Primer
combinations and exact PCR conditions are available from authors
upon request.

PCR products were purified by diafiltration in Microcon 100 col-
umns (Amicon) according to the manufacturer’s protocol, cloned using
pBluescript KS+ phagemid (Stratagene) as described by Sambrook et
al. (1989), and sequenced by the dideoxy method with bacteriophage
T7 DNA polymerase (Tabor and Richardson 1987). TheGnetum rpoC1
intron was sequenced using primers IntronF and IntronR1 from the

cloned region 1 directly, without subcloning. All regions were se-
quenced from two independent clones; in cases of ambiguity a third
clone was sequenced.

The nucleotide sequences have been deposited with the GenBank
Data Library under accession numbers AJ012558–AJ012567. Nucleo-
tide sequences ofMarchantia polymorpha, Pinus thunbergii, Oryza
sativa, Zea mays, Nicotiana tabacum,andSpinacia oleraceawere re-
trieved from GenBank (accession numbers X04465, D17510, X15901,
X86563, S54304, X08671, respectively).

Amino acid sequences were aligned using the MULTALIN (ver-
sion 5.3.3) program (Corpet 1988). Nucleotide sequences were aligned
using the PileUp program of the GCG package (Devereux et al. 1984),
version 9.1, and accomplished by eye using the VOSTORG package
(Zharkikh et al. 1990). Ambiguously aligned positions were subse-
quently eliminated from the phylogenetic analysis. Programs from the
PHYLIP (Felsenstein 1989) package, Puzzle (Strimmer and von Hae-
seler 1996), and the PaupSearch program of the GCG package were
used for tree reconstruction.Marchantiawas used as an outgroup.

Results and Discussion

Nucletide sequences of two fragments of therpoC1 gene
of five species of plants were determined and combined
with analogous data on the homologous gene sequences
of six species of angiosperms and gymnosperms from
GenBank. Figure 1 illustrates the position of the se-
quenced fragments in the gene. The first fragment
(1160–1250 bp long) is composed of a coding region and
an intron. The length of the second fragment is 470–500
bp. We were unable to amplify the second fragment of
the Zamia gene and replaced it in analysis with a ho-
mologous fragment of phylogenetically closely related
Cycaschloroplast DNA.

Search of Synapomorphic Indels

Indels in protein-coding sequences are a less frequent
evolutionary phenomenon than noncoding DNA regions.
Hence, they may carry valuable phylogenetic informa-
tion. To analyze the distribution of indels, the aligned
nucleotide sequences of therpoC1 gene were trans-
formed into amino acid sequences. The resulting amino
acid alignments are presented in Fig. 2. As follows from
Fig. 2A, insertions of seven (positions 65–71) and nine
(positions 112–120) amino acid residues are apomorphic
for pine.

The alignment in positions 65–80 of the second frag-
ment (Fig. 2B) was ambiguous due to the presence of
short repeats, and the alignment pattern changed drasti-
cally depending on the value of the gap penalty. Posi-
tions 116 and 125–126 are of particular interest. They are
flanked by relatively conservative sequences, excluding
alternative versions of alignment of this region. A dele-
tion in positions 125–126 is synapomorphic for angio-
sperms. An insertion in position 116 is common toPinus
andGnetum.

Fig. 1. Location of amplified regions of therpoC1 gene. Sequenced
regions are shown asshaded boxes;the scale bar indicates 500 base
pairs.
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Alignment of introns was dubious due to a high se-
quence divergence, although some short intron regions
are quite conservative (Fig. 3). We failed to find phylo-
genetically informative indels both in the variable and in
the conservative regions of introns. Summing up, analy-
sis of indels in the sequences compared did not discrimi-
nate unequivocally between alternative hypotheses about
the evolutionary relatedness of Gnetales, other gymno-
sperms, and angiosperms.

Phylogenetic Tree Reconstruction

In phylogenetic tree reconstruction experiments, we con-
catenated the two fragments, and highly divergent re-
gions were excluded from the analysis (alignment avail-
able upon request). Of 1654 bp used for analysis, 632 bp
belong to the intron.

Figure 4 shows a 50% majority rule consensus neigh-
bor-joining (NJ) tree based on Tamura (1992) distances,

Fig. 2. Amino acid alignments ofrpoC1 region 1(A) and region 2(B), created by MULTALIN using symbol comparison table “blosum62,” a gap
weight of 12, and a gap length weight of 2.
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which take into account possible variations in the rate of
accumulation of substitution in different sites and allow
deviations in GC content. In Fig. 4, gymnosperms and
angiosperms appear as two monophyletic clades with
strong support. This finding is at odds with the hypoth-
esis of a sister relationship between angiosperms and
Gnetales.

Among the angiosperms, monocots and dicots form
two clusters, with bootstrap values of 56 and 73%, re-
spectively. Among gymnosperms,Gnetumand Pinus
branch robustly together (with a bootstrap value of 98%);
the relationship among this clade,Ginkgo,and Cycadales

is unresolved. It is noteworthy that the curiously close
relationship betweenGnetumand Pinus deduced from
analysis of nucleotide substitution is in accord with the
occurrence of a common insertion mentioned above.

The monophyly of gymnosperms is further supported
using other tree reconstruction algorithms—the maxi-
mum-likelihood (ML) and maximum-parsimony (MP)
methods (Figs. 5 and 6). In both trees angiosperms sub-
divide into monocot and dicot clades. The topology of
the ML tree (Fig. 5) is almost-identical to that of the NJ
tree. However, in this case the Cycadales,Ginkgo,and
(Gnetum, Pinus) branches are well separated. One cannot
help but note that theGnetumbranch is relatively long in
both trees.

In the MP tree (Fig. 6),Gnetumoccupies a basal
position among gymnosperms andPinus appears as a
sister group to the Cycadales +Ginkgoclade. This MP
tree is a single one with the smallest number of steps
(1643). To evaluate the stability of its topology, we also
analyzed 16 trees with a number of steps up to 1655. One
of these trees, in whichGnetumjoins PinusandGinkgo
joins Cycadales, needs 8 additional steps. For the group-
ing of Gnetumwith Marchantia, Pinusbeing the sister
group to theGinkgo + Cycadalesclade, 9 additional
steps are necessary (score, 1652). A tree in which Cy-
cadales is a sister group toGinkgo+ Pinus,andGnetum
combines withMarchantia, is 11 steps longer (score,
1654). The three shortest suboptimal trees (one of 1654
and two of 1650 steps) had, in the main features, the
same topology as the minimal tree (Fig. 5), differing only
in the relative position of dicot species. It should be
noted that, in none of the trees with a length of 1643–
1655 steps, doesGnetumappear as a sister group to
angiosperms.

Fig. 3. Nucleotide alignments of variable(A) and concervative(B) fragments of the intron.ZeaandOryzaare not shown because of their lack of
the rpoC1 intron.

Fig. 4. The 50% majority-rule consensus neighbor-joining tree, based
on nucleotide sequences of concatenated regions 1 and 2 of therpoC1
gene. Tamura distances and 1000 bootstrap replicates were used.
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The basal position ofGnetumin the MP tree may be
explained in the following way. The MP method gives
reliable results only if the rate of accumulation of sub-
stitutions is relatively equal in all the branches of the tree
(Felsenstein 1978), which is more likely for closely re-
lated taxa. However, the length of theGnetumbranch is
substantially longer than other branches, indicating a
higher rate of accumulation of nucleotide substitutions. It
cannot be excluded that such a higher rate of evolution is
characteristic not only for therpoC1 gene but for the
whole Gnetumchloroplast genome.

Conclusions

In summary, we were unable to find any evidence in the
higher plantrpoC1 genes thatGnetummight be a sister

group of angiosperms. Hence, the results obtained in this
study do not support the anthophyte concept, which pos-
its a closer relationship between angiosperms and Gne-
tales than to any contemporary gymnosperm group
(Crane 1985; Donoghue and Doyle 1989; Doyle and
Donoghue 1992; Loconte and Stevenson 1990; Hamby
and Zimmer 1992; Chase et al. 1993; Doyle et al. 1994;
Nixon et al. 1994; Albert et al. 1994; Crane et al. 1995;
Doyle 1996, 1998).

One could contend that analysis of the same regions
for other Gnetalean representatives might reveal other
results. That could be, but we consider it very unlikely
that this will occur, because previous molecular studies
provide quite robust support for the view that the Gne-
tales is a monophylum.

Despite claims to the contrary (Crane et al. 1995), the
anthophyte concept does not have truly firm support
from any molecular data (Doyle 1998). Data onrbcL
gene evolution are contradictory (Hasebe et al. 1992;
Nixon et al. 1994) and must be analyzed with great care
because the synonymous substitutions in this gene are
saturated (Goremykin et al. 1996). The protein encoded
by rbcL proved to be 1 of the 12 chloroplast proteins
which could not be used to construct a “true” phyloge-
netic tree based on pine, rice, maize, tobacco, marchan-
tia, and porphyra sequences (Goremykin et al. 1997).
Hamby and Zimmer (1992) have analyzed 18S rRNA
using Equisetumand Psilotum as outgroups and were
unable to prove unequivocally the close relatedness of
Gnetumand angiosperms: a variant of a tree with Gne-
tales as a sister group to all other seed plants is one step
shorter than a tree in which Gnetales is a sister group of
angiosperms. Doyle et al. (1994) did not include nonseed
plant outgroups in their analysis of rDNA evolution;
their MP trees with rather dissimilar topologies differed
in only one step. At the same time, the results obtained in
the present study are in accord with the results of analysis
of small and large nuclear and chloroplast rRNAs (Hori
et al. 1985; Rakhimova et al. 1989; Troitsky et al. 1991),
the 58-terminal region of the 25S rRNA gene (Shi et al.
1994), cpITS2 and cpITS3 of the chloroplast ribosomal
operon (Goremykin et al. 1996), complete sequences of
nuclear 18S rDNA (Chaw et al. 1997), and the mitochon-
drial genecoxI (Bowe and DePamphilis 1997).

Unfortunately, due to some misunderstanding in re-
view articles by Crane et al. (1995) and Sytsma and Hahn
(1994), papers by Chase et al. (1993) and Doyle et al.
(1994) are cited as molecular evidence of Gnetales being
a sister group of angiosperms. In fact, the trees inferred
from rbcL data (Chase et al. 1993) are unrooted and the
root betweenGnetumand other Gymnospermae was in-
troduced by authors based on the paper by Doyle et al.
(1994). However, in that paper, the phylogenetic tree
based on rRNA sequences is also unrooted.

Gnetales as “living fossils” exhibit a unique mosaic of
angiospermous and gymnospermous characters. Recent
intriguing paleontological discoveries of extant angio-

Fig. 5. Maximum-likelihood tree constructed from nucleotide se-
quences of concatenated regions 1 and 2 of therpoC1 gene.

Fig. 6. Maximally parsimonious tree of 1643 steps constructed from
nucleotide sequences of concatenated regions 1 and 2 of therpoC1
gene. Bootstrap values of the 50% majority-rule consensus parsimoni-
ous tree, which has the same topology, are indicated. One hundred
bootstrap replicates were used.
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sperms (Crepet and Nixon 1998) and vertebrates (Clack
1998; Daeschler and Shubin 1998; Ji et al. 1998) suggest
that such a mosaicism is a common phenomenon for
major taxa at the time of their origin. Shubin (1998) use
a “cut-and-paste” metaphor for describing the indepen-
dent appearance of key characters in different groups at
different times. If the independent evolution of key mor-
phological characters is a common theme in seed plant
evolution, the significance of molecular data for phylo-
genetic reconstruction will increase accordingly. How-
ever, analysis of several types of macromolecules is
needed to avoid the possible discordance and false con-
clusions due to the potentially possible specific nature of
evolution of particular genes under study and cases of
homoplasy on the molecular level.
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