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ABSTRACT

The aim of this project has been to develop the use of the nucleotide and amino acid
sequences of the largest subunit of RNA polymerase Il (RPBI) to study the evolutionary
relationships of diverse land plants. 1.3 kb of this gene, which includes 900bp of coding sequence
corresponding to regions D-F of the protein, have been cloned and sequenced from genomic DNA
of seven plant species, one from each of seven divisions. 900 bp of cDNA sequence of regions D-F
of RPBI1 from Zea mays revealed identity with the genomic sequence. Phylogenetic analysis of
these nucleotide and corresponding amino acid sequences by parsimony, neighbor-joining and
maximum likelihood methods revealed inconsistent results. The maximum-likelihood method
presented the best resolved trees. It is unlikely that the inconsistencies are the result of
compositional biases, multiple substitutions, or unequal substitution rates. Analysis of amino acid
sequences of regions D-F and F-H of RPBI1 in animals, plants and fungi showed that animals are
more closely related to plants than to fungi, contrary to recent literature. In comparing regions D-F
of the largest subunits of RNA polymerases [, Il and III (RPA1, RPBI and RPC1) of all eukaryotes,
though, the evolutionary relationships of the major eukaryotic kingdoms were not resolved but
RPAT1 was found to be more closely related to RPBI than to RPC1. Since analyses in the literature
of longer RPBI sequences from fewer taxa did clearly resolve relationships of major eukaryotic
lineages, this study shows that region D-F of this gene is too short to be informative. Due to the
conserved nature of this partial sequence, it appears that a longer sequence from this gene with more

synapomorphic sites is required to better assess the evolutionary relationships of plants.
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INTRODUCTION

The phylogenetic relationships of the major groups of land plants, as well as of the basal
clades of angiosperms, continually confound plant systematists. The rapid, ancient divergence of
these taxa and the lack of sufficient extant intermediate taxa are major contributors to this systematic
problem. While phylogenetic analyses of morphological features include data from the fossil record,
these analyses lack the sensitivity afforded by the phylogenetic analysis of molecular data.
Integration of both types of datasets is helpful, but they also conflict in some cases.

While both morphological and molecular analyses have their merits and pitfalls, molecules
offer more characters with discretely different states, and increasingly stringent analyses of
molecular data are being developed. Unlike morphological datasets, molecular datasets do not yet
include data from fossils. Fossilization is rare, though, and even fossils do not yet provide enough
intermediates to extant plant lineages (Ridley, 1996). Molecular datasets do not all evolve at the
same rate, and sometimes they include enough compositional bias to misgroup taxa (Li and Graur,
1991; Foster and Hickey, 1999). For egample, ribosomal RNA genes are affected more by
compositional bias and heterogeneous rates of evolution than protein-coding genes are and such
genes also evolve at different rates whether they are encoded in the nucleus, chloroplasts, or
mitochondria (Hasegawa and Hashimoto, 1993; Li and Graur, 1991). In plants, each of these
genomes is subject to different types or degrees of rearrangements. Even within these contexts,
different genes also evolve at different rates, so it is important to find molecular phylogenetic
markers which accurately rebresent the phylogeny of the taxa in question, with significant statistical
support. Thus. it is useful to seek several independent datasets to corroborate with previous

phylogenetic inferences and make our understanding of land plant phylogeny more precise.



Phylogenetic analysis of morphological data in plants falls into several categories:
classification according to shared biochemical and cellular properties of extant green algae and
plants, comparisons of features of extant and fossilized pollen, and comparisons based on
developmental features and ultrastructure of extant plants and fossils when possible (Bremer, 1985:
Crane et al. 1995; Kenrick and Crane, 1997; Mishler and Churchill, 1985). It was difficult to
perform early such analyses due to a lack of clearly defined analytical criteria and raw data
(Meacham, 1994; Takhtadzhian, 1997). In the past two decades, however, the accumulation of more
fossil evidence and technological advances in the computation of phylogenetic relationships have
clarified the relationships of land plants and angiosperms more than ever (Bateman er al. 1998;
Crane er al, 1995; Donoghue, 1994; Kenrick and Crane, 1997). Based upon this information, it is
clear that land plants arose from green algae, and that the earliest land plants were bryophytes, from
which vascular plants arose as a monophyletic group (Bateman er a/, 1998 and references therein;
Donoghue, 1994). This data also makes it clear that angiosperms are monophyletic and are
composed of Eudicots, which have triapturate pollen, and the Monocots and Magnoliid dicots, which
have monocolpate pollen (Bateman et al, 1998, Crane et al, 1995; Taylor and Hickey, 1996;
Loconte, 1996). However, the relationships amongst the early land plants are unclear, as are the
relationships of the basal clades of angiosperms (Bateman er a/, 1998; Donoghue. 1994). The
relationships are resolved differently depending upon the combinations of characters used, the equal
or uneven distribution of taxa sampled, and whether maximum parsimony, maximum likelihood, or
neighbour-joining methods of phylogenetic inference are used (Bateman er al, 1998; Taylor and

Hickey, 1996; Takhtadzhian, 1997; Meacham, 1994; Donoghue, 1994).



This data supports two opposing hypotheses for the origin of angiosperms. The first is that
of a herbaceous origin of angiosperms., meaning that the Nymphaeales are the most basal
angiosperm clade and monocots and eudicots such as Arabidopsis are more derived. The second
hypothesis is that woody Magnoliids are most basal amongst angiosperms, and that they share some
monocolpate pollen features with gymnosperms and others with monocots. Clearly, the abundance
of homoplasy and the shortage of synapomorphies when comparing such diverse taxa as
angiosperms and other land plants is a problem, as with any other anciently diversified group. This
problem is hampered by the unequal rates of evolution of phenotypic characters in these groups,
gaps in the fossil record and unbalanced and unequal sampling of extant taxa. A proper
understanding of plant phylogeny requires that these gaps are filled.

Similar problems of homoplasy and unequal rates of evolution are faced by molecular
systematists. The Siluro-Devonian radiation of land plants. approximately 480-450 million years
ago (MYA), is estimated to have occurred over 35 - 100 million years, which is very rapid in
comparison to the amount of time that has passed between then and now (Bateman et al, 1998;
Kenrick and Crane, 1997: Stewart and Rothwell, 1993). Such relationships are difficult to measure
since molecules (or characters) evolving fast enough to bear a record of the rapid radiation have
been saturated with homoplasy by now, and molecules or characters evoiving slowly enough to be
less homoplastic likely evolved too slowly to be informative of the rapid radiation. An assemblage
of molecular data could overcome problems of unequal rates of evolution and homoplasy, since
different molecular markers and corresponding models of evolution could be applied to reconstruct
different parts of the plant phylogenetic tree (Ritland and Eckenwalder, 1992). Donoghue (1994)

pointed out that from 1989-1991, only about 0.6% of phylogenetic analyses considered molecular



data for analysis of the relations of the major groups of vascular plants, land plants or seed plants.
Thus, it is imperative to assemble an integrated approach to the molecular systematics of plants,
incorporating data from multiple loci and from large-scale genome characteristics such as inversions,
insertions/deletions, and introns (Bateman et a/, 1998; Qiu and Palmer, 1999).

Several molecular datasets from each of the three genomes (nuclear, chloroplast and
mitochondrial) have been examined to try to solve the relationships of plants, but conflicts remain.
The bulk of molecular phylogenetic analysis of plants lies in the examination of nuclear 18S
ribosomal RNA genes from 223 plants (Soltis et al, 1997) and of the chloroplast-encoded gene for
the largest subunit of ribulose-1,5-bisphosphate carboxylase (rbcL) in 499 plants (Chase er al, 1993),
almost entirely from angiosperm species. Chaw er a/ (1997) examined 18S rRNA in 65
gymnosperms and angiosperms. Nuclear 26S rRNA was examined in 15 angiosperms by Kuzotf
et al (1998). Hasebe er al (1992, 1993) examined the phylogeny of 10-15 seed plants and ferns
using rbcL. Mitochondrial introns and RNA editing have been examined in three genes from 28
plant species spanning the range of all plants (Malek er al, 1996; Qiu er a/, 1998; Qiu and Palmer,
1999. Cho er al, 1998). Multigene families of nuclear genes encoding actin, phosphoenol pyruvate
carboxylase (PEPC), floral homeotic MADS-box genes and phytochromes have also been examined
in up to 20 diverse land plant taxa (Moniz de Sa and Drouin, 1996 and unpublished data; An et al.
1999; Gehrig er al, 1998 Purugganan, 1997; Kolukisaoglu et al, 1995; Donoghue and Matthews,
1998). The second-largest subunit of RNA polymerase II (RPB2), a single-copy ubiquitous nuclear-
encoded protein-coding gene, was also recently used to infer the phylogeny of 12 green plants by

Denton er al (1998). These are some of the most notable recent examples of molecular markers



applied to resolve the deep phylogenetic relationships amongst green plants and amongst the basal
clades of angiosperms.

While molecular data support the origin of land plants from Charophycean algae and the
monophyly of land plants, of vascular plants, of Gnetales and of angiosperms, some ambiguities still
lie in the early relations of land plants, amongst gymnosperm taxa, and amongst the basal
angiosperm clades. The analyses which included the broadest range of taxa were made with
molecular markers which evolve slowly, such that they are more suited to studying more recent
evolutionary events amongst plants. Other molecular analyses (actin, PEPC, MADS-box genes,
phytochrome genes, RPB2) lack the breadth of taxa included in the rRNA and rbcL analyses. It is
possible that orthologous members of the multigene families may clarify the phylogeny of subsets
of plants, by rooting such genes from the ingroup with their latest paralogue in the outgroup
(Donoghue and Matthews. 1998; Brown and Doolittle, 1995). In comparison to angiosperms,
gymnosperms are underrepresented by many of these analyses. but not as underrepresented as early
nonvascular and vascular plants are. While the absence of certain mitochondrial introns supports
that liverworts such as Marchantia are the earliest land plants (Qiu et al. 1998) the authors also
emphasize the need to combine data from multiple genes subject to different evolutionary pressures
to reduce the influence of homoplasy (Qiu and Palmer, 1999). Also. it is important that all of these
datasets be analysed in a manner that minimizes the effects of GC content bias, saturation of
synonymous substitutions, and heterogeneous rates of evolution amongst the ingroups, which can
result in artefactual phylogenies.

The largest datasets amongst these analyses are those of rbcL and 18S rRNA. The rbcL

dataset supports monophyly of Gnetales, of angiosperms and of monocots and a herbaceous origin



of angiosperms, with monocots either basal to or amongst the palecherbs (such as Nvmphaea),
depending on the methods of phylogenetic tree inference used (Chase et al, 1993). The 18S rRNA
dataset also supports the monophyly of Gnetales, of angiosperms and of monocots, but does not
clearly resolve any of the relationships of the major angiosperm clades (Soltis er a/, 1997). In
parsimony analyses of rRNA data, a Magnoliid origin of angiosperms is only one step less likely
than a herbaceous origin is (Nickrent and Soltis, 1995).

Only two of the datasets briefly described above include large protein-coding genes. The
RPB2 and phytochrome datasets are 3564 bp and 3264 bp in length respectively, including the third
base of codons (Denion er al, 1998; Donoghue and Matthews, 1998). Protein-coding genes are
phylogenetically useful since most of the GC content bias, if any, is absorbed in the synonymous
sites of codons, which can be removed from the datasets used for phylogenetic inference. Also,
alignments made at the amino acid level and then fitted to corresponding nucleotide sequences can
be made with less ambiguity than with nucleotides alone when studying distantly related taxa
(Sidow and Wilson, 1990). Large protein-coding genes are also phylogenetically useful since they
provide more informative sites for analysis. To date, analyses of fuli-length datasets of these genes
which include diverse gymnosperm, vascular and nonvascular plant taxa have not been shown. The
largest subunit of RNA polymerase I, RPBI, has approximately 5 kb of protein-coding sequence
in plants (Nawrath et al, 1990). The only full-length RPB1 gene available from plants is from
Arabidopsis. Since RPBI is a key component of the RNA polymerase Il holoenzyme in eukaryotes
which transcribes messenger RNA and small nuclear RNAs, it would be useful not only from the
phylogenetic point of view but also from a biochemist's point of view to further characterize this

gene and protein in land plants.
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RPBI1 has recently been used to infer phylogenetic relationships of deeply diverging groups
of eukaryotes with better statistical support than with data from rRNA, elongation factor (EF-la,
EF-2) and heat shock protein (Hsp70) sequences (Hirt er al, 1999; Stiller et al, 1998; Stiller and
Hall, 1997 and 1998). The Archaeal homologue to the largest subunit of eukaryotic RNA
polymerases I, [I and IlI, called the A' subunit, also provided the data for a better-resolved inference
of Archaeal phylogenetic relationships than the rRNA dataset had (Puhler er a/, 1989a; Iwabe er al,
1991; Klenk and Zillig, 1994). Partial RPB1 sequences have also been used recently to infer the
phylogeny of invertebrates, arthropods, nematodes, and Leishmania species (Sidow and Thomas,
1994; Regier and Schultz, 1997; Baldwin et a/, 1997: Croan and Ellis, 1996). These data show that
RPBI is useful for studying deep-level and later levels of eukaryotic phylogeny. RPB! is ubiquitous
and usually found as a single-copy gene amongst eukaryotes. An RPB1 dataset can thus offer a
phylogeny of orthologous molecules, encoded in the nuclear genome, with more informative sites
than previous plant molecular datasets and less compositional bias than incurred by non-protein-
coding sequences such as rRNA (Sidow and Wilson, 1990).

While the paucity of available plant RPB1 sequences and the homoplasy accumulated in
other such ancient characters may discourage the use of RPBI for inferring land plant phylogeny.
the results of other phylogenetic analyses of RPB1 and its homologues are very encouraging. The
largest subunits of eukaryotic RNA polymerases [, I and III (RPA1, RPB1 and RPC1), archaeal A’
and A" RNA polymerases, and bacterial f and B’ RNA polymerases are collectively known as type
A RNA polymerases due to their shared homology (Young, 1991). Their protein sequences share
eight conserved domains, termed A-H (Young, 1991; Palenik, 1992). RPBI is also characterized

by carboxy-terminal repeats (YSPTSPX), considered as conserved domain "I", which are correlated
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with the presence of spliceosomal introns in eukaryotic genes (Stiller and Hall, 1998). These
conserved domains simplify the alignment of RNA polymerase genes from highly divergent taxa.
The conserved domains are also very suitable for designing degenerate PCR primers for amplifying
fragments of RPB1 from all eukaryotes. Sequences interspersed between domains A-I which are
less conserved and are difficult to unambiguously align amongst deeply diverging protist lineages
can, however, provide informative phylogenetic data when examining more closely related species.

Domains D and F of RPB1 provide a useful starting point for the examination of RPB1 in
land plants. The conserved motif "PYNADFDGDEMN" in domain D is involved with domain G
in elongation and contains a DNA binding element of RPB1 which is found in all type A RNA
polymerase homologues. The aspartic acid residues bind Mg™. The nucleotide sequence for this
motif in 4rabidopsis RPB1 also lacks any introns, repeats or sixfold degenerate codons, is rich in
twofold degenerate codons, and is long enough to provide an RNA polymerase-specific PCR primer
with a stringent annealing temperature (i.e., high enough to avoid non-specific priming). Domain
F, which is involved in elongation, contaips a motif "VGQQNVEG" which represents the alpha-
amanitin sensitive region which is a characteristic of RPB1. This motif, as stated, is not as highly
conserved amongst all eukaryotes as is the domain D motif, but is highly conserved amongst crown
eukaryotic lineages, and is the consensus of Arabidopsis thaliana and Glycine max plant RPBI
sequence for that domain. In these plants, the nucleotide sequence for this motif also lacks introns
or sixfold degenerate codons and contains a few twofold degenerate codons, making it a stringent
and useful candidate for a PCR primer as well. While these motifs only span 900 bp of coding
sequence for RPBI in Arabidopsis, that region should be easily obtained by PCR and provide a

valuable starting point for further characterization of RPBI in land plants.
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On the basis of these characteristics of RPB1 and the successful use of complete and partial
sequences of this gene in addressing a variety of phylogenetic questions, I hypothesize that it will
be a useful tool for studying land piant phylogeny. In addition to this, characterization of RPBI
from more plant taxa will eventually lead to a better understanding of its fundamental biochemical

properties in transcription.
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MATERIALS AND METHODS

Plant Material:

Plant material for this study was collected from greenhouses at Carleton University and the
University of Ottawa, the Rideau River and from a park in Cumberland, with the kind and generous
assistance of Hughette Allard, Ed Bruggink and Elizabeth Thompson. Species names are as

indicated in Table 1.

Plant DNA and RNA purification:

Plant total genomic DNA was prepared using the CTAB method of Doyle and Doyle (1990)
and using the Qiagen Plant DNeasy Maxi and Mini Kits exactly as directed by the manutacturer.
Two modifications to the CTAB method were that the extraction buffer included 2%
polyvinylpyrrolidone and that if a thick, creamy interface persisted after the chloroform extractions.
then a phenol-chloroform extraction was performed. Genomic DNA preparations from Ephedra
nweediana, Gnetum gnemon, and Welwitschia mirabilis were kindly provided by Dr. Lynn Gillespie.
CsCl-purified genomic DNA for Zea mays was obtained from Dr. Guy Drouin. These gitts of DNA
as well as DNA prepared using the CTAB method from all of the other plant species included in this
project were used as templates for PCR amplification of RPB1. While suitable as PCR templates,
some of these DNA preparations still contained polysaccharides or secondary metabolites which
interfered with restriction enzyme digestion, hindering Southern blot analysis. In such cases, either
existing total DNA preparations were further purified using the Qiagen Plant DNeasy kit. or the

same kit was used to prepare more DNA from fresh tissue.
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Table 1: Plants from which RPB1 D-F were PCR amplitied for this analysis.

Taxa

Species Name

Common Name

Coniferophyta
Cycadophyta
Gnetales, Ephedraceae
Gnetales, Ephedraceae
Equisetophyta
Gingkophyta
Gnetales, Gnetaceae
Magnoliales
Marchantiopsida
Nymphaeaceae
Filicophyta
Psilotophyta
Gnetales. Welwitschiaceae

Liliopsida (monocots)

Araucaria heterophvlla
Cvcas revoluta
Ephedra viridis

Ephedra tweediana
Equisetum hyemales
Ginkgo biloba
Gnetum gnemon
Magnolia soulangeana
Marchantia polvmorpha
Nvmphaea odorata
Osmunda claytonea
Psilotum nudum
Welwitschia mirabilis

Zea mays

Norfolk Island pine
cycad
Mormon tea
Mormon tea
horsetail
gingko
gnetum
magnolia
liverwort
water lily
fern
whisk fern

welwitschia

maize/corn

15



Plant total RNA was prepared according to the CTAB method of Chang er al (1993) and using the
Qiagen Plant RNeasy Kit as directed by the manufacturer. RNA prepared using the CTAB method
was successfully used as a template for RT-PCR of RPBI from maize. RT-PCR was unsuccessful
using RNA prepared using the CTAB method from Cvcas revoluta. Equisetum hvemales,
Marchantia polymorpha and Psilotum nudum. This, too, was inhibited by secondary metabolites
that could not be separated from the RNA. The Qiagen RNeasy kit was later used to successfully
further purify total RNA from E. hvemales that had been prepared three years previously by the
CTAB method. The Qiagen RNeasy kit was then used to successfully prepare total RNA from fresh
tissue of Magnolia soulangeana, Nvymphaea odorata, Osmunda clavtonea, Ephedra viridis and Zea
mays (Pioneer variety 3953). RNA from Araucaria heterophyila and Ginkgo biloba could not be

obtained using this method, though, so the CTAB method was used to obtain RNA from these taxa.

Amplification of RPBI:

By aligning RPB1 sequences from animals, fungi, Arabidopsis and soybean (Glvcine max)
using ClustalV (Higgins, 1994), conserved regions (A-I) were identified (Figurel), and degenerate
oligonucleotide primers were designed. with reference to conserved amino acid motifs identified by
Sidow and Thomas (1994). The primers correspond to the ECPGHFGH motif in domain A (5' GAI
TGY CCIGGICAY TTY GG 3' forward). the PYNADFDGDEMN motif in domain D (5' CCI TAY
AAY GCIGAY TTY GAY GGI GAY GAR ATG AA 3' forward) and the VGQQNVEG motif in
domain F (5'CC YTC IAC RTT YTG YTG ICC [AC 3' reverse). Table 2 represents sections of the

RPB1 amino acid alignment from which D and F PCR primers were designed, including parts of
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Conserved Domains in RNA Polymerase II Largest Subunit

0kb 1 kb dkb 3kb 41kb repeats
N o Em W WM C
CPGHFGH PYNADFDGDEMN VGQQNVEG
(70 aa) (530aa) (850 aa)
Zn~-~ Finger DNA-binding a-amanitin
domain domain sensitive
domain

CPGHFGH
| RPBIlAfor
9 3
' 2.1kb

1
VGQONVEG I
RPBIF rev

| 0.9 kb

| PYNADEDC inE‘E!\I
RPBI1Dfor

Anticipated PCR Products

Figure 1: Schematic diagram of the coding region of RPBI, with the blocks of conserved amino
acids highlighted to identify the positions of corresponding PCR primers. Zigzag lines indicate
the carboxy terminal repeats, while vertical lines represent the size of the protein-coding
nucleotide sequence.
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Table 2: Alignments corresponding to domains D and F of RPBI, including chloroplast (cp), £. coli,
archaeal and RPA1 and RPC1 homologues. Corresponding species names are given in Table 3.
Domain D is specific to type A RNA polymerases. Domain F is characterized by an a.-amanitin
sensitive domain only in RPB1,and not in other homologues. Amino acid residues identical to
Arabidopsis sequence are indicated by a dot.

Species

Arab.th-11
Sac.cer-11
Sch.pom-11
Trv.bru-ll
Cae.ele-11
Dro.mel-11
Mus.mus-11
Sac.cer-1
Trv.bru-1
Sac.cer-111
Try.bru-iI1
H.halobium A’
E.coli B’
Marchantia cp

Domain D
PYNADFDGDEMN

At et e e

SF. T...o...
A... .. ... Q.A
GF.vvnn.. Q.Aa (PB)

Domain F

--------
--------

--------

R.LMAKPD
R.LMSDPQ
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alignments by Puhler er a/ (1989a). This alignment shows that the amino acid sequence encoded
by primer D is specific to RNA polymerases, and that the amino acid sequence encoded by primer
F is specific to RPB1, and that they would not amplify RNA polymerase genes from chloroplast and
mitochondrial genomes.

All primers were synthesized by Cortec DNA Service Laboratories or by Life Technologies.
PCR reactions were performed following cycling conditions of: 2 minutes at 94°C, 35 cycles of 40
seconds at 94°C, | minute at 55°C and 3 minutes at 74°C, followed by 10 minutes at 74°C. 200
ng of plant genomic DNA was used in PCR amplifications consisting of 2.5 - 5.5 mM MgCl,, 0.75
1M each primer, 200 uM each dNTP, 0.025 U/ul Tag DNA polymerase, | X PCR buffer (supplied
by the manufacturer of the Taq polymerase), and an additional buffer described by Ponce and
Michol (1992) consisting of 30 uM tricine pH 8.4, 5 uM 2-mercaptoethanol, 10 ug/ml BSA and
0.05% Tween-20. PCR reagents were obtained from Promega, Pharmacia, Boehringer-Mannheim,
and BDH.

Positive, negative and single primer controls were included in each batch of PCR
amplifications. A clone of Arabidopsis RPB1 (pOSAZ2, obtained from R. Larkin and T. Guilfoyle)
was used as the template for the positive control to show that the amplification conditions worked.
No DNA template was included in the negative control, intended to indicate if any contaminants
were present in the reagents. Single primer controls were made to indicate if any of the PCR
products were artifacts which resulted from nonspecific binding of a single primer.

Southern blots of D-ﬁ PCR amplifications from genomic DNA of 13 plants were probed with

the Arabidopsis RPB1 clone. This revealed a 1.3 kb putative RPB1 PCR product from each of the
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13 plants. This corresponded to the 900 bp of coding sequence in addition to three introns found
between my domain D and F RPBI primers in Arabidopsis.

First-strand cDNA was prepared from total maize RNA using the Amersham First-Strand
cDNA Synthesis Kit, according to the manufacturer's instructions, priming with random
hexanucleotides. One-tenth of the cDNA reaction was then used directly as the template for an

RPB1 PCR amplification, as described above.

Cloning:

PCR products of the expected size were isolated from agarose gels and purified using the
GeneClean Il Kit (Bio 101). Purified products from maize genomic templates were blunt-ended
with Klenow fragment and T4 polynucleotide kinase purified, and ligated into the dephosphorylated
EcoRYV site of pBluescript [I SK+ (Stratagene) with T4 DNA ligase at 10°C overnight. This was
inefficient, and cloning attempts with the Stratagene pCRScript SK+ blunt-ended cloning kit were
not fruitful, so all other RPB1 PCR products were cloned using the TOPO TA Cloning Kit
(Invitrogen) into pCR2.1 according to the manufacturer’s instructions. Ligations were transformed
into £. coli strain DH11S by heat shock into RbCl-competent cells or using the Transformaid Kit
according to the manufacturer’s instructions (MBI Fermentas), or heat-shock transformed into
OneShot £. coli cells as directed (Invitrogen). Transformants were grown using Luria-Bertani agar
and broth under ampicillin selection, with the addition of IPTG and X-gal to the agar to facilitate
blue/white colour selection of transformants (Sambrook er al 1989). Enzymes were from New
England Biolabs, Pharmacia, Stratagene and Boehringer-Mannheim. LB agar and broth components

were from Difco and BDH.
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Putative clones were identified by colony hybridization or according to the size of their
inserts. Insert size was found either by restriction analysis of the plasmids or by PCR amplification
of the vector's multiple cloning site using M 13 forward and reverse sequencing primers (adapted
from Sandhu er al, 1989).

Plasmids were prepared by the alkaline lysis method of Sambrook er a/ (1989), or with the
Eclipse Mini Kit or QlAprep Spin Miniprep Kit, according to the manufacturer’s directions (Gordon
Technologies, Qiagen), with the following modifications: After the addition of lysis solution, the
cells were incubated at room temperature to lyse for 3-5 minutes prior to the addition of the high-salt
buffer. Upon additicn of the salt, the preparations were microcentrifuged for 7-10 minutes at 13
krpm to pellet all of the cellular debris.

In order to release their insert, clones in the pCR2.1 vector were analysed by digestion with
EcoRl, those in pBluescript SK+ were digested with EcoRI and BamHI and clones in pCRScript
SK+ were digested with EcoRI and Sacl. 2 mi of the plasmid prep (125 -400 ng) were completely
digested, as directed, in a final volume of 15 pl and then visualized on a 0.7% agarose, 1 X TBE gel
run at 10 V/em.

Colony blots were performed as described in the Hybond-N membrane instruction booklet
(Amersham) and probed with a homologous probe prepared using P*-labelled dCTP using the
Pharmacia T7 QuickPrime Kit, as described by the manufacturer. Membranes were sandwiched
between two pieces of Whatman 3MM paper and hybridized at 42°C in 50% formamide, 5 x SSC,
0.5% SDS, 50 pg/ml denatured sheared saimon sperm DNA, 5 x Denhardt's solution. The

membranes were washed with gentle agitation three times at room temperature in 1 | of 2 x SSC,
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0.1% SDS for five minutes, then washed twice for 15 minutes at 65°C in 1 1 ot 0.1 x SSC, 0.5%
SDS.

PCR screening was performed by using a sterile toothpick to inoculate a white colony into
a 10 ul PCR mixture and then to inoculate a patch on an LB agar plate. The PCR mixture consisted
of 150 uM each dNTP, | uM each primer (M 13 forward and M13 reverse, from Invitrogen), 0.025
U/ml Tag DNA polymerase and | x the PCR buffer containing 1.5 mM MgCl, supplied with it
(Pharmacia or Boehringer-Mannheim). Cycling conditions were: 2 minutes at 94°C followed by
30 cycles of | minute at 94°C, | minute at 53°C and 1'% minutes at 74°C, and 10 minutes at 74°C.
The entire PCR reaction, representing the insert in the cloning vector, was then visualized by
agarose gel electrophoresis, as described above.

Single-stranded versions of these RPB1 clones were prepared by a protocol adapted from
Garber er al (1993). A fresh culture of the clone was inoculated into 2 ml of LB broth with 100
ug/ml ampicillin and 10 mM MgCl., incubating it at 37°C for two hours, then infecting these cells
with F1 helper phage and then increasing the media by 8 ml. followed by an incubation at 37°C for
an additional 8 hours before harvesting the phage. To harvest, the culture was centrifuged and the
phage precipitated from the supernatant with % volume of 20% PEG, 2.5 M NaCl at 4°C for I-12
hours. The suspension was centrifuged and the phage pellet resuspended in 1.25 mi TERPS (10 mM
Tris, | mM EDTA, 40 ug/mi RNase A, 2.5 pug/ml Proteinase K, 0.5% SDS) and lysed for 2 hours
at 65°C. The phage coat was precipitated with 1/5 volume of 5M potassium acetate, the suspension
centrifuged, and the phagemid DNA was precipitated from the supernatant with 0.7 volumes of cold
isopropanol. A pellet of single-stranded DNA was washed twice with cold 70% ethanol, dried and

resuspended in 50 ul of TE.
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Sequencing:

Single- and double-stranded versions of the RPB1 clones were sequenced according to the
Sanger-dideoxy method, by primer walking. Initial sequence was obtained manually using the
Pharmacia T7 Sequencing Kit and S**-labelled dATP (Amersham), according to the manufacturer’s
instructions, with the addition of 3 ul DMSO and annealing at 65°C to resolve compressions caused
by secondary structure in the sequence. These reactions were run on 0.4 - 0.8 mm thick wedge-
shaped denaturing polyacrylamide gels (4% acrylamide, 0.5 x TBE. 8M urea) at 1700 V for 5 and
17 hours using electrophoretic apparatus from Owl Scientific. Sequencing gels were vacuum-dried
(BioRad) onto Whatman 3MM paper and exposed to Kodak BioMax MR film for 1 - 5 days.

Further sequence was obtained using the ABI Cycle Sequencing Core Kit with AmpliTag
FS or the ABI BigDye Terminator Cycle Sequencing Kit with AmpliTaq FS (ABI, Perkin-Elmer
Corporation) according to the manufacturer’s instructions. These automated sequences were read
by the University of Ottawa Biotechnology Research Institute. Plant-specific degenerate internal
sequencing primers were designed from my alignment (prepared using ClustalV under default
settings) of the sequenced ends of each clone. CODEHOP (Rose er al, 1998) was used to help
design primers. The primer positions correspond to the [IPKQIN motif (5' CCT GAT CAT CCC
GAA GCA RAT HAA YHT 3' forward and 5' T GAT CAG GTT GAA GAC CTG CTT NCC NGT
CCA 3' reverse) and the GIGDTIAD motif (5' GGI ATI GGI GAY ACI ATI GCI GA 3' forward and

5" TC IGC IAT IGT RTC ICC IAT ICC 3' reverse).
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Northern and Southern Hvbridizations:

Northern blots of 20 pg of total RNA were prepared using the Ambion NorthernMax kit as
directed, with the following modifications. A 0.8% SeaKem agarose formaldehyde gel, prepared
as indicated by Sambrook er a/ (1989) was used to fractionate the RNA at 2V/cm for 18 hours. The
RNA was then capillary transferred using alkaline 5 x SSC for 5 hours, and the membrane was
hybridized and washed as directed (Ambion).

Southern blots were prepared as indicated by Sambrook er al (1989), with the following
adaptations. 10 ug of total DNA were completely digested singly with EcoRI and BamHI or EcoRl,
Pstl and Xbal under standard conditions and electrophoresed on 0.8% SeaKem agarose gels with
| X TAE buffer at 45 V for 19 hours, then capillary transferred to nylon membranes overnight using
20 x SSC as the transfer medium.

Both Northerns and genomic Southerns were hybridized with their corresponding RPB1
clones. For the Southern blot of PCR products, 10 pl of each PCR was run in a 0.7% agarose gel
in 1 x TBE at 10 V/cm for an hour. RNA or DNA was cross-linked to the damp nylon membranes
by exposure to ultraviolet light.

Membranes were pre-hybridized for 25 minutes to 2 hours at 42°C in 25 ml of 50%
formamide, 5 x SSC, 0.5% SDS. 50 pg/ml denatured sheared salmon sperm DNA, 5 x Denhardt's
solution. Hybridization was in 10 ml of this solution at 42°C for 18 - 24 hours. Calf thymus DNA
was substituted for salmon sperm DNA in the hybridization solution for the genomic Southem blots.
Background hybridization was also avoided by removing unincorporated nucleotides from the probe
using Pharmacia ProbeQuant columns (according to the manufacturer’s instructions) and by

sandwiching the membranes between two pieces of Whatman 3MM paper during the hybridization.
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Northern and genomic Southern blots were probed with a homologous probe prepared using P¥-
labelled dCTP using the Pharmacia T7 QuickPrime Kit according to the manufacturer’s instructions.

Membranes were then washed twice at room temperature in | | of 2 x SSC, 0.1% SDS for
10 minutes, then washed twice for 10 minutes at 65°C in 1 1 of 2 x SSC, 0.1% SDS. The Southern
blot of RPB1 PCR products was probed with a heterologous probe (pOSA2, a clone of RPBI from
Arabidopsis), prepared and hybridized as described above, but only washed twice at room
temperature in | | of 2 x SSC, 0.1% SDS for fifteen minutes. The membranes were exposed to
Kodak Biomax MS film with Kodak Biomax Transcreen HE intensifying screens at -80°C for 2-7

days.

Sequence Analvsis:

Plant RPB1 D-F nucleotide sequences were edited using GDE and Sequedit v.0.912 (Drouin
et al, 1999). Additional eukaryotic RPA, RPB1 and RPC1 nucleotide and amino acid sequences
were obtained from Genbank using BLAST (Altschul er a/, 1990 and 1997) and Entrez, except for
the Giardia lamblia RPB1 DNA sequence which was obtained from Hans-Peter Klenk. Table 3
provides full identification of the sequences used in alignments in this report. Peter Foster’s
“pgb_cds” PERL script was used to isolate the coding region of these nucleotide sequences. The
amino acid alignment of animal, plant and fungal sequences, from which plant-specific RPB! PCR
primers were designed, was prepared using Clustal V (Higgins, 1994). This was done via GDE
version 2.0 (Smith er al, 1994), using a floating gap penalty of 90 and a fixed gap penalty of 10
besides the default settings, with further manual adjustments made using GDE. My own sequences

were identified as plant RPB1 D-F using basic BLAST searches (Altschul er al, 1990 and 1997).
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Table 3: Codes and sources for sequences included in phylogenetic analyses of type A RNA

polymerases.
Species name Code |Polymerase |Accession # Authors
Sulfolobus acidocaldarius Sulf.acido A4’ 1133407 Puhler er al, 1989b
Porphyra yezeonsis Por.vez-11 RPB! Us0208 Stiller and Hall, 1997
Bonnemaisonia hamifera Bon.ham-1] RPBI U90209 Stiller and Hall, 1997
Drosophila melanogaster | Dro.mel-[] RPB! M27431 Jokerst et al, 1989,
Artemia salina Artsal-11 RPBI U10331 Sidow and Thomas, 1994.
Crassostrea gigas Cra.gig-11 RPBI U10334 Sidow and Thomas, 1994.
llvanassa obsoleta Ilv.obs-11 RPBI U10338 Sidow and Thomas, 1994,
Helobdella stagnalis Hel.sta-11 RPBI U10336 Sidow and Thomas, 1994.
Homo sapiens Hom.sap-1I| RPBI X63564 Wintzerith er af, 1992,
Mus musculus Mus.mus-11|  RPBI MI14101 Ahearn er al, 1987,
Caenorhabditis elegans Cuae.ele-11 RPBI M29235 Bird and Riddle, 1989.
Spirogyra spp. Spirogyv-11 RPBI U%0210 Stiller and Hall, 1997.
Gingko biloba Gin.bil-11 RPBI this study
Cycas revoluta Cyc.rev-l] RPBI this study
Magnolia soulangeana Mag.sou-I1 RPBI this study
Nymphaea odorata Nym.odo-1I| RPBI this study
Zea mays Zeamays-I] RPBI this study
Glvcine max Glyv.maxC-Il| RPBI/ X52495 Dietrich er al, 1990.
Arabidopsis thaliana Arab.th-11 RPBI X52954 Nawrath er a/, 1990.
Ephedra viridis Eph.vir-1I RPBI this study
Araucaria heterophylla Arau.he-{/ RPBI this study
Dictvostelium discoideum Dic.dis-II RPBI S$52651, Lam er al. 1992; Stiller and Hall, 1998.
AFO058710
Acanthamoeba castellanii | Aca.cas-11 RPBI U9o211 Stiller and Hall, 1997.
Saccharomyces cerevisiae Sac.cer-11 RPBI MI11190 Allison er al, 1985.
Schizosaccharomyces pombe 'Sch.pom-ll RPB! $56564 Azuma er al, 1991.
Nosema locustae Nos.loc-11 RPBI AF061288 Hirt er al, 1999.
Vairimorpha necatrix Vai.nec-11 RPBI AF060234 Hirt er al. 1999.
Plasmodium falciparum Pla fal-1l RPB! 133328 Lieral, 1989.
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Species name Code |Polymerase|Accession # Authors
Mastigamoeba invertens Mas.inv-11 RPBI AF083338 Stiller er al, 1998.
Trichomonas vaginalis Tri.vag-11 RPB! U20501 Quon er al, 1996.
Trypanosoma brucei Try.bru-il RPBI 133329 Evers er al, 1989.
Giardia lamblia (intestinalis) | Gia.lam-1] RPBI H.-P. Klenk, unpublished.
Saccharomyces cerevisiae Sac.ce-1ll RPC] X03129 Allison er al, 1985.
Giardia lamblia tintestinalis) | Gia.la-{Il RPCI P25202 Lanzendorfer er al, 1992.
Trypanosoma brucei Try.br-111 RPC! P08968 Kock er af, 1988.
Mus musculus Mus.musc-1| RPAl 35134 Seither er al, 1997.
Drosophila melanogaster | Dro.mela-1| RPAI P91875 Knackmuss er al. 1996.
Trypanosomaq brucei Try.bruc-1 RPAI P16355 Jess et al, 1989.
Saccharomyces cerevisiae Sac.cere-/ RPAI P10964 Memet er al, 1988.
Schizosaccharomyces pombe |Sch.pomb-1| RPAI P15398 Yamagishi and Nomura, 1988.
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RPB1 D-F amino acid sequences including my own were later aligned for phylogenetic analysis
using ClustalW 1.71 (Thompson er al, 1994) under default settings and then refined manually in
GDE, with reference to eukaryotic RPB1 alignments obtained from John Stiller (Stiller and Hall.
1997) and John Logsdon (Hirt er al, 1999). The coding nucleotide sequences were aligned manually
with the amino acid alignment using GDE and Sequedit v.0.912. To reduce the effect of
compositional bias introduced by synonymous substitutions, only the first and second bases of
codons were used in the analysis. "M" and "y" were substituted for the first codon position of
leucine and arginine codons, to reduce compositional bias. P. Foster’s “pgb_subset” PERL script
was used to remove the third base of codons in the nucleotide sequence alignment. The alignments
were truncated to contain only the region of the RPB1 fragment within my PCR primers for regions
Dand F. PHYLIP v.3.573c¢ (Felsenstein, 1993) and PUZZLE v.4.0.2 (Strimmer and von Haeseler,
1996 and 1997) were used to infer phylogenetic trees of both the amino acid and nucleotide
sequences.

Phylogenies were first inferred from nucleotide and amino acid sequence alignments using
the PROTPARS, DNAPARS, PROTDIST, DNADIST, NEIGHBOR, SEQBOOT, and CONSENSE
programs available from PHYLIP v.3.573c (Felsenstein, 1993). The jumble option was used
wherever possible to avoid bias from the input order of sequences. The input order of bootstrapped
datasets was only randomized once. Global rearrangements were allowed. The PROTDIST
algorithm was set to use the Dayhoff PAM model of nucleotide substitution, while both the Kimura
and maximum likelihood models and remaining default settings were used for DNADIST. Ten
replicates were made of the distance analyses, jumbling once using ten different random seed

numbers. Both amino acid and nucleotide multiple sequence alignments were subjected to 1000
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bootstrap replicates using SEQBOOT, and consensus distance and parsimony trees were obtained
using CONSENSE.

Next, PUZZLE v. 4.0.2 (Strimmer and von Haeseler, 1996 and 1997) was used to infer
phylogenetic trees using my plant nucleotide and amino acid alignments, in addition to alignments
of RPB1 D-F amino acid sequences amongst animals, plants and fungi, or including RPA1, RPBI
and RPC1 D-F of all eukaryotes. This program uses the quartet puzzling and maximum likelihood
approaches to phylogenetic inference. The parameters for the plant amino acid and nucleotide
analyses included 10000 puzzling steps, exact parameter estimates, quartet sampling, neighbor-
joining tree-fitting, the computation of both clock like and non-clock like branch lengths and use of
a mixed model of substitution rate heterogeneity which includes an invariable rate and eight gamma
rates. The JTT (Jones ef al.. 1992) and Blosum 62 (Henikott and Henikoft, 1992) models of amino
acid substitution and the Schoeniger-von Haeseler model of nucleotide substitution were used.
Nucleotide analyses were made with this program once by selecting all sites for the analysis; next,
selecting only the first and second sites of codons (with “m” or y” in the first position of leucine
and arginine codons); and finally, selecting only the second site of codons. The phylogenetic trees
inferred using PUZZLE and PHYLIP were drawn with Treeview and saved as *.wmf” (Windows
Metafile) format files, which were then imported into Corel Presentations 8 for further labelling.

Nucleotide frequencies of each sequence at the different codon positions were measured
using CODONS 1.4 (Lloyd and Sharp, 1992), which was also used to calculate the amino acid
composition. Weighted numbers of synonymous (K,) and non-synonymous (K,) substitutions were
calculated using Li93 (Li, 1993). The proportion of different synonymous (P,) and nonsynonymous

(P,) sites was calculated using the equation P = %(1-e**). RRTree v.0.6 (Robinson er. al., 1998)
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(P,) sites was calculated using the equation P = %(1-¢"**). RRTree v.0.6 (Robinson er. al., 1998)
was used for relative rate test calculations. MS Excel ‘97 was used to construct all graphs. All
sequence analysis programs were used in the context of Windows98, except for pgb_cds,

peb_subset, Li93, GDE and ClustalV, which were used on a Sun Sparc 4 workstation.

30



RESULTS

Preliminary Analysis of the Region Between Domains F and H of RPBI:

To begin the project, an alignment of published RPB1 amino acid and nucleotide sequences
from Animals, Plants and Fungi, with Dictystelium discoideum, a slime mold, as an outgroup, was
prepared to use to estimate the usefulness of this gene for inferring the phylogeny of land plants and
to use as a guide for designing PCR primers to be used to clone the gene from land plant species.
For phylogenetic analysis, the alignment was truncated to include domains F-H of RPB1 (Figure 2),
since this was prior to the publication of the sequence for domains A-F from Dicryostelium by Stiller
and Hall (1998). Figure 3 represents a maximum likelihood phylogenetic tree inferred from amino
acid sequences from domain F-H. Neighbor-joining and parsimony trees inferred from the same
dataset and from a corresponding alignment of nucleotide sequences yielded very similar trees (data
not shown). Analysis of nucleotide composition showed that there was little compositional bias at
the first and second codon positions, but that the third positions were biased (data not shown). The
consistent and strong statistical support for the relationships in this preliminary analysis indicated
that RPB1 would be a good phylogenetic marker with which to study the evolutionary relationships

of land plants.
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Figure 3: A maximum-likelihood distance phylogeastio tree with aca-clocktike branch leagihs
iafrred from a 606-position aligament of RPB1 amino acid sequences of domasins F-H flom

Animals, Plaats and using the JTT model of subetitution snd an invariebie snd oight y-

distributed rates of mmxxm‘m‘amuhomas

0.03 the =047 (3.B.0 L tree is -8954.57, while the unlikely
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Plant RPB1:

Using the primers for RPB1 regions D and F which were described in the “Materials and
Methods” section, this region was successfully amplified as a 1.3 kb fragment by PCR from genomic
DNA of all of the plants listed in table 1 (Figure 4, gel photo). RPBI D-F PCR products were
obtained from both cDNA and genomic DNA templates from Zea mays, in which case the nucleotide
sequence of the exons was identical. This was confirmed by Southern hybridization (figure not
shown) of the PCR products with the Arabidopsis thaliana RPB1 clone, pOSA2, and by sequencing
clones of nine of these PCR products, as summarized in Table 4. Two clones from Ephedra viridis,
four clones from maize cDNA and from Cyvcas and Nvmphaea, and three clones from each of the
other plants listed in Table 4 were obtained and sequenced on both strands.

Other clones with sequence similarity to RPB! (as determined by BLAST scores) from
Araucaria. Marchantia. Ephedra, and Equisetum were obtained and partially sequenced (results not
shown), but they were not included in further analysis. Even with very clear sequence data, these
sequences could not be unambiguously aligned with other plant RPB1 D-F coding sequences, due
to frame shifts in the inferred amino acid sequence and insertions, deletions, or inversions. Some
clones obtained from Marchantia and Ephedra lacked intron positions conserved amongst other
plant and green algal RPB1 sequences and had frame shifts and substitutions to other amino acids
or stop codons in positions of the inferred amino acid sequences which were perfectly conserved
amongst other plant sequences.

PCR amplification of RPB1 using the primer for region A vs the region F primer, described

in the methods section, was unsuccessful. This was attributed to the abundance of single primer
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Figure 4: RPB1 D-F PCR products from genomic DNA and maize cDNA templates. separated with
0.7% agarose in IXTBE at 100V for | hour. Size markers in the first and last lanes are A DNA
digested with BszEIl. The arrow corresponds to the major 1.3 kb tragment encoding regions D-F
of RPB1. The PCR products (from left to right) are trom DNA from the following sources:
Arabidopsis thaliana, Araucaria heterophvila, Cvcas revoluta. Ephedra viridis, Equisetum
hyvemales, Ginkgo biloba. Gnetum gnemon. Magnolia soulangeana. Marchantia polvmorpha.
Nvmphaea odorata. Psilotum nudum. Welwitschia mirabilis. Zea mays(total DNA), Zea mays
(cDNA).
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Table 4: Identification of RPB1 PCR products from various plants by hybridization with Arabidopsis
RPBI and/or from sequence analysis.

Plant Southern hybridization Sequence
signal

Araucaria heterophylla yes yes

Cycas revolura no yes

Ephedra viridis no yes

Ephedra tweediana no no

Equisetum hvemales yes yes

Ginkgo biloba yes yes

Gnetum gnemon yes no

Magnolia soulangeana yes yes

Marchantia polvmorpha yes only from probable
pseudogenes

Nymphaea odorata yes yes
Osmunda claytonea no no, but putative RPC1 D-F

Psilotum nudum yes no

Welwitschia mirabilis yes no

Zea mays no yes (identical sequences from

c¢DNA and genomic DNA)
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Figure 5: An 834 bp alignment of the RPB1 D-F coding sequence of plants, with Spirogyra as the
outgroup. Sequences for introns and PCR primers are not shown. The positions of introns 7, 8 and
9 are indicated by a ¥ between the boldfaced nucleotides which flank the intron.

Spirogyra2
Arau.het-11
Cyc.rev-Il
Eph.vir-Il
Gin.bil-Il
Mag.sou-11
Nvm.odo-11
Zea mays-2
Arab.tha-11

CACGTGTGTC
CACGTACCGC
CATGTACCCC
CATGTTCCGC
CATGTGCCCC
CATGTTCCTC
CATGTACCTC
CATGTCCCCC
CATGTACCAC

AGACATTCGA
AGTCCTTCGA
AGTCATTTGA
AGTCCTTTGA
AGTCATTTGA
AGTCATTTGA
AGTGTTTTGA
AGTCATTTGA
AATCATTCGA

GACTCGAGCA
GACTCGGGGC
GACAAGAGCA
GACCAGAGCT
GACAAGGGCA
AACTAGAGCA
AACTAGAGCA
GACCAGGGCA
GACCAGAGCC

GAAACCATGG
GAAGTAGCCG
GAAGTCTTGG
GAAATCCTGG
GAAGTGTTGG
GAAGTCTTGG
GAAGTCTTGG
GAAGTTCTGG
GAGGTGTTAG

50
AGCTCATGAT
AGCTCATGCT
AACTAATGAT
AGCTGATGAT
AGTTAATGAT
AGCTGATGAT
AGTTGATGAT
AGTTAATGAT
AGCTGATGAT

GGTGCCAAAA
GGTGCCGAAG
GGTTCCAAAG
GGTACCAAAA
GGTGCCARAAG
GGTACCGAAA
GGTACCAAAA
GGTGCCAAAA
GGTTCCTAAA

TCGTGCAGGA
TCGTGCAAGA
TTGTCCAAGA
TTGTCCAGGA
TTGTTCAGGA
TTGTCCAGGA
TTGTGCAGGA
TTGTCCAAGA
TTGTGCAGGA

TTTATCGAGA
TTCATCGAAA
TTTATAGAGA
TTTATTGAGA
TTTATAGAGA
TTCATTGAGA
TTCATAGAGA
CTAATTGAAA
TTCATAGAGA

TGTGTCGTGA
TGCATCGTCT
TGCATCGTCT
TGTATTGTGT
TGCATTGTTT
TGCATTGTCT
TGTATTGTTT
TGCATTGTCT
TGTATTGTCT

TACGCTACTT
CACGCTGCTC
CACTCTTTTG
TACTCTTTTG
CACTCTTTTG
TACACTCTTA
TACACTTCTT
CACACTGCTT
TACCCTCTTG

v
AAGACGTTTT
AGGATGTGTT
AGGATGTGTT
AGGATGTTTT
AGGATGTCTT
AGGATGTCTT
AGGATGTTTT
AGGATGTATT
AGGATGTATT

GTCCCCAATC
CGCCGCAGTC
CTCCACAGTC
CCCCTCAGTC
CTCCAAAGTC
CGCCTCAATC
CACCACAGTC
CTCCACAATC
CCCCCCAGGC

GGCTGCAGGA
GGGTGCCGGA
GGTTGCAGAA
GGTTGCAGAA
GGTTGCAGAA
GGATGCCGGA
GGATGTAGGA
GGGTGTCGCA
GGGTGCCGTA

TATGAACATC
CATGAACATT
CATGAACATC
CATGAATATC
CATGAATATC
TATGAATATC
CATGAACATT
TATGAACATC
CATGAACACA

CAACAGGCCT
GAATCGGCCG
GAATAGACCG
CAATAGGCCT
CAACAGGCCT
AAATCGCCCT
CAATCGGCCG
AAATAGGCCT
GAATCGTCCT

AAGTCACGAA
AGGTGACGAA
AGATCACAAA
AGATCACCAA
AGGTGACGAA
AGATAACTAA
AGATCACAAA
AAATTACTAA
AAATTACAAA

CTCATGTGGT
TTGATGTGGT
TTAATGTGGT
TTGATGTGGT
TTAATGTGGT
TTGATGTGGT
CTGATGTGGT
TTGATGTGGT
CTGATGTGGT

100
GTGATGGGCA
GTTATCGGTA
GTTATGGGTA
GTTATGGGTA
GTTATGGGTA
GTTATGGGTA
GTCATGGGTA
GTAATGGGTA
GTGATGGGAA

150
AAGGGACACG
GAGGGATACA
GAGAGACACT
AAGAGACACA
AAGGGATACA
AAGAGATACC
GCGTGACACC
AAGGGACACT
GAGAGATACT

200
GGGAAGATTT
GGGATGATTT
GGGAAGATTT
GGGAAGACTT
GGGAGGATTT
GGGAGGATTT
GGGAGGATTT
GGCAAGATTT
GGGAAGACTT
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TGAGGGCAAG
TGATGGTAARA
TGATGGCAAA
TGATGGGARA
CGATGGCAAA
TGATGGGARA
TGATGGAAAG
CGATGGAAAG
CGATGGGAAA

CAGGAAAGCA
CGGGGAAGCA
CTGGCAAGCA
CTGGCAAGCA
CTGGCAAACA
CAGGAAAGCA
CAGGCAAACA
CTGGGAAACA
CTGGCAAACA

CGGTACTCTG
CGAACTGCGG
AGATACTCTG
AGGTACTCTG
AGGTACTCTG
AGAACCTCGG
AGGTACTCAG
CGGTTTTCAG
AGGTACTCTG

AGACACTCAA
TGATACCAGC
GGATACTTGT
AGATACTGTT
GGATACCTGT
AGATACACAA
AGATACTTGT
TGATACTATG
GGATACTCAA

ATTCCTTCTC
ATGCCCACCC
ATACCATCTC
GTACCTGCAC
ATACCATCCC
ATACCTGCTC
ATACCTGCTC
ATTCCTGCAC
GTTCCGGCTC

AGTTTTCTCG
GATTTTTAGC
AGTATTCAAT
AGTTTTTAAT
AGTATTCAAT
AGTGTTCAAT
AGTATTTAAC
AGTTTTTAAC
AGTTTTTAAT

CATGGCATCC
CATGGCACAA
CATGGCATTC
CCTGGCATAA
CATGGCATTC
CATGGCACTC
CATGGCATTC
CATGGCATTC
CTTGGCACGC

GTGCGTGTGG
GTTCGCATCG
GTTCGGATTG
GTCAGAATTG
GTCCGGATCG
GTTAGAATAG
GTCCGAATAG
GTCAGGATAG
GTGCGAATTG

CTACGATTTT
CAGCGATCCT
CGACTATTCT
CTGCAATTTT
CAACAATTCT
CAACTATTCT
CTGCCATTAT
CTACCATTTT
CTGCAATCTT

TTGATCATCC
CTGATCATCC
CTTATCATTC
CTTATCATTC
CTTATCATTC
CTGATCATTC
CTTATAATTC
TTAATTATCC
CTTATCATAC

CGATTCTGAG
CGACAGTGAG
AGAGTCTGAA
TGAAAGTGAT
AGAGTCTGAA
GGAAGCGGAA
GGAATCAGAA
GGAAGAAGAA
AGATACAGAG

AGAAGGGAGA
AGAAGGGTGA
AAAAGGGAGA
AAAAGGGAGA
AAAAAGGAGA
AGAGAGGCGA
AGAGGGGAGA
AGAAGGGAGA
AAAGAGGGGA

GAAGCCTCGT
GAAGCCGAGG
AAAGCCTAGA
GAAGCCAAGG
AARAGCCCAGG
GAAGCCTAGA
GAAGCCTAGA
GAAACCTAGG
GAAGCCTCGT

CCAGAGCTGT
CCAAGCAGAT
CAAGGCAGAT
CAAAACAAAT
CAAGGCAAAT
CTAAGCAGAT
CAAAGCAGAT
CCAAGCAAAT
CAAAACAGAT

AGGGGAGACT
AGTACGGACG
ACAGGATTTA
AGGGGACACA
ACAGGATTTA
ACAGGATTTA
ACTGGATTCA
AAAGGATTTA
ACTGGATTTA

GTTGCTCGCA
GCTCCTCACT
AGTTCTGTCG
AGTTATAACT
GGTTCTTTCT
GCTGCTTGCT
ACTTCTCTCA
GCTTCTGTCT
ACTTCTTGCC

250
CCCCTTTGGA
CCCATTTGGA
CCTCTTTGGA
CCAATTTGGA
CCACTTTGGA
CCTCTTTGGA
CCTTTGTGGA
CCTATTTGGA
CCTCTTTGGA

300
GAATCTTGAG
TAACATGACC
AAACCTTATA
AAATCTCGTA
AAATCTAATA
AAACCTCATA
AAATTTAATT
AAATTTAATT
AAATCTGTTG

350
TCTCCCCAGG
TAACGCCCGG
TCACGCCAGG
TGACTCTGGG
TCACGCCAGG
TCACTCCAGG
TTACCCCTGG
TTACTCCCGG
TAACTCCGGG

400
GGAATTCTCT
GGTACGCTCT
GGCACACTCT
GGTACTCTCT
GGCACTCTGT
GGCACTCTCT
GGGACCCTCT
GGCACACTTT
GGAACTCTTT
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GCAAAAAATC
GTAAGAAGAC
GTAAAAAAAC
GCAAGAAAAC
GCAAGAAAAC
GCAAGAAGAC
GTAAGAAAAC
GCAAAAAGAG
GCAAAAAGAC

v
GAAGAAGTAG
GAGGAAGTCG
GAGGAGGTTG
GAGGAGGTTG
GAGGAGGTCG
GAAGAGGTTG
GAAGAGGTGG
GAAGAGGTTG
GAAGAGGTTG

GCTCGTGAAT
GCTTGTGAAC
GCTTGTTAAC
GCTTGTTAAT
GCTTGTCAAC
GCTTGTTAAC
GCTTGTTAAT
GCTTGTAAAC
GCTTGTCAAT

ATACCATTGC
ATACCATCGC
ACACCATTGC
ATACAATTGC
ACACAATTGC
ACACAATTGC
ACACCATTGC
ATACTATTGC
ACACAATTGC

ATTGGGAACC
GCTGGGGACG
CCTTGGAACG
ACTTGGTGCA
TCTAGGAACG
CCTTGGAACA
CATGGGCACA
TCTTGGAACA
CCTTGGTACA

GTCCTGATGC
GACCGGACGC
GTCCAGATGC
GTCCAGATGC
GGCCAGATGC
GTCCAGATGC
GTCCAGATGC
GTCCAGATGC
GTCCTGATGC

TATTGGCTTC
TACTGGTTGC
TATTGGCTAT
TACTGGTTGC
TACTGGCTGT
TACTGGCTTT
TATTGGCTTC
TACTGGCTTC
TACTGGCTTC

CGATGCATCC
CGATTCGGCT
TGATGCTGCA
TGATGCCACA
TGATGCTGCA
AGATGCATCA
AGATGCTTCT
AGATGCATCC
CGATTCATCA

TCCGGTGGAA
TCGGGTGGTA
TCTTCTGGAA
TCTAGTGGTA
TCTTCTGGGA
TCTACTGGTA
TCATCTGGAA
GGCTCCGGAA
TCTAATGGAA

TGCGCGGAAG
TGCCCGTAAG
AGCTCGCAAG
TGCGCGGAAG
TGCTCGTAAG
TGCCCGCAAA
TGCACGCAAG
TGCCCGGAAG
AGCTAGAAAA

TGCAGCAGGG
TCCAACACGG
TGCAACAGGG
TACAACAGGG
TACAGCAGGG
TGCAGAATGG
TGCAGAATGC
TTCAAAATGG
TGCAGAATGG

ACCATGGATA
ACCATGGAGA
ACAATGGAAA
ACAATGGACA
ACTATGGAAA
ACTATGGAAA
ACCATGGAAA
ACCATGGAAA
ACAATGGAGA

GTCTCGTTCA
GTCTCATTCA
GTCTTATTCA
GTCTTATTCA
GTCTGATTCA
GTCTTATTCA
GTCTTATTCA
GTCTTATCCA
GTCTCGTGCA

TTTCTTGGAC
TTCCTCGGTC
TTTTTGGGGC
TTCTTGGGTC
TTTTTAGGGC
TTCTTGGGCC
TTTTTGGGGC
TTCTTAGGAC
TTCCTCGGTC

ATTTAGCATC
GTTTAGCATC
TTTCAGTATT
TTTCAGTATG
TTTCAGTATT
ATTTAGTATT
TTTTAGCATT
TTTCAGTATT
TTTTACCATC

CCATCAATGA
AGATCAATGA
CAATTAATGA
CGATCAATGA
CGATTAACGA
AAATTAATGA
AGATTAATGA
CAATTAATGA
AAATTAATGA

450
CATCATATGG
CGTGATATGG
TGTGATCTGG
TGTGATATGG
TGTGATCTGG
TGTCATCTGG
CGTTATCTGG
TGTCATTTGG
TGTCATTTGG

500
ACACACAATG
ACACGCAGTG
ATACACAGTG
ATACGCAATG
ATACACAGTG
ACACACAGTG
ATACTCAGTG
ACACACAGTG
ATACTCAATG

550
GGAATCGGTG
GGTATCGGTG
GGTATAGGAG
GGCATTGGAG
GGTATAGGAG
GGAATTGGGG
GGTATTGGGG
GGAATTGGGG
GGAATTGGTG

600
AACCATCGCA
GACCATCGCT
AACAATCTCA
AACAATACAA
AACAATTTCA
AACAATATCG
GACGATCTCT
TACAATATCT
AACTATTTCC
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AAGGCTAAGA
AAGGCAAAGC
ARAGCAAAGG
GATGCTAAAA
AAAGCAAAGA
AAAGCGAAGA
AAAGCAAAAA
AAAGCTAAGA
AATGCAAAAA

GTTGGAAGCT
CCTCGAACCT
ATTAGAGGCA
GCTAGAACAA
ATTGGAGGCA
GCTAGAGGCA
GTTGGAAGCT
GTTGGAAGCT
ATTGGACCCT

v
TCAATCAGGT
TGAACCAGGT
TCAATCAGGT
TCAACCAGGT
TGAATCAGGT
TGAACCAGGT
TCAATCAGGT
TGAACCAGGT
TTAACCAGGT

TCCAGTCTTT
AAGAGTCTAT
AAAAGCTTAT
AGAAGTTTAT
CGAAGCTTAT
AAGAGCTTAT
AGGAGCTTAT
AATAGCTTGT
AAGAGTTTAG

CTGAAGTGAA
AGGACGTGAA
CTGAAGTCAA
TTAAAGTGCA
ATGAGGTCAA
ATGAAGTGAA
ATGAGGTGAA
ATGCTGTGAA
CTGCTGTGAA

CAACCCGGTC
CAACCCGGTC
GAACCTGGGC
GAGCCAGGTC
GAACCTGGCC
GAACCTGGGC
GAACCTGGGC
GAGCCAGGAC
GAGCCTGGCC

GTTGAACAAG
TCTGAACAGG
GTTGAATAAG
TTTAAATAAG
GTTGAACAAG
GCTGAATAAG
GTTGAACAAA
TCTTAACAAA
TTTGAATAAA

CAGAGAGCAA
CTGAGAGCAA
CAGAGAGTAA
CTGAGAGCAA
CAGAGAGTAA
CAGAAAGTAA
CTGAAAGTAA
CTGAAAGCAA
CAGAAACCAA

AGATCTCATC
GGAACTGATC
TCAACTTATT
AGAACTGATA
ACAACTTATT
GGAACTTATT
AGAGCTTATC
GGAGCTTATT
AGATCTTATC

GTACCCTCAT
GCACGCTGAT
GCACGATGAT
GAACGCTATT
GTACAATGAT
GAACTATGAT
GAACCATGAT
GCACTATGAT
GAACTATGAG

GCCCGTGACG
GCTCGTGATG
GCCCGTGATG
GCTCGAGATG
GCTCGTGATG
GCTCGTGATG
GCTCGTGATG
GCCCGTGATG
GCTCGTGATG

CAACGTCAAA
CAACGTCAAG
TAATTTGAAG
TAATTTGAAA
TAATTTGAAG
CAATCTGAAG
TAACCTGAAG
CAATTTGAAG
TAACCTTAAG

GAAGCAGCTT
AAGGCGTCCC
CAGCTTGCTC
GAAAAGTACA
AAGGCTGCTC
AAGGCTGCCC
AAGGCTGCCC
AAAAAAGCTC
CGGCAGTTCC

GGAGTCCTTT
GGAATCATTC
GGAATCATTT
AGAATCATTT
GGAGTCTTTT
GGAATCATTT
GGAGTCATTT
GGAATCATTT
AGATACATTT

ATGCAGGTCG
AAGCCGGAAG
ATGCAGGAAG
ATGCAGGTAA
ATGCGGGAAG
ATGCTGGGAG
ACGCTGGTAG
ATGCTGGTAG
ATGCTGGAAG

GCCATGGTGA
GCGATGGTGA
GCAATGGTTA
GCCATGGTTA
GCAATGGTTA
GCTATGGTGA
GCTATGGTCA
GCTATGGTCA
GCCATGGTGA

650
GTGAGAAACA
AAGAAAAGAG
ACCAGAAAGC
TGGCACACAA
AAGAGAAGGC
AAGAAAAGCA
AGGAGAAACA
ATGAGAAGCA
AGGGAAAGGA

700
GAGAATCGTG
GAGAACAAAG
GAAAACAGAG
GAAAATCAAG
GAAAACAGAG
GAGAATAGGG
GAGAATAGAG
GAAAACAGAG
GAGAACAGGG

750
AGCTGCTCAA
TAGTGCTCAG
TAGTGCTCAA
CAGTGCACAA
TAGTGCTCAA
TAGTGCACAG
TAGTGCTCAG
CAGTGCTCAG
TAGTGCTCAA

800
CTGCGGGATC
CGGCCGGTTC
CTGCTGGCTC
CTGCTGGTTC
CAGCTGGGTC
CAGCAGGATC
CTGCAGGATC
CTGCAGGTTC
CAGCAGGATC
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AAAAGGTTCC
CAAGGGATCG
AAAAGGAAGT
AAAAGGAAGT
AAADGGAAGT
AAAGGGAAGT
TAAAGGAAGT
ARAAAGGCAGT
CAAAGGAAGT

TTCATCAACA
TTCATCAACA
TTTATTAATA
TTTATCAATA
TTTATTAACA
TTTATCAACA
TTTATCAATA
TTCATTAACA
TTCATCAATA

TCTCTCAAAT
TCTCGCAGAT
TATCACAGAT
TATCACAGAT
TATCACAGAT
TTTCACAGAT
TTTCACAGAT
TTTCACAAAT
TTTCTCAAAT

834
GATT
GATT
GACT
GACT
GACA
GACT
GACT
GACT
GACA



artefacts (results not shown) obtained by PCR with the region A primer, which corresponds to a zinc
finger domain and so it is likely to be similar to sequences found in genes encoding other proteins
which also have DNA-binding domains.

The positions of introns 7, 8 and 9, conserved in Spirogvra and Arabidopsis, are also
conserved in the seven RPBI-coding sequences for regions D-F. This is highlighted in the
nucleotide sequence alignment of plant RPB1 D-F coding sequences in Figure 5. In the partial
sequence of Equisetum hyemales RPB1 D-F, the positions of introns 7 and 9 are conserved as well
(results not shown). Dinucleotide and trinucleotide repeats in these introns in Equiserum hvemales
RPB! D-F have hampered further sequencing efforts. While intron position is conserved, the intron
sequences and lengths vary from species to species amongst plants. Exon sizes, however, are

perfectly conserved amongst these plants and Spirogyra.

Phylogenetic Analvsis of Plant RPB1 D-F DNA Sequences:

Figures 6, 7 and 8 represent phylogenetic trees inferred from the nucleotide sequences by
parsimony. neighbor-joining and maximum-likelihood methods respectively. The alignment used
for these analyses was derived from figure 5 and is shown in Appendix 1. The trees in figures 6-8
consistently show 4raucaria, a Gymnosperm, as one of the most basal taxa. However, two equally
parsimonious trees place Zea mays, a monocot, as either a sister group to a clade of dicots or to a
clade of dicots and gymnosperms (Gingko and Cycas). In both neighbor-joining and parsimony
trees, Gnetales (Ephedra) are shown as a sister group to a mixed up clade of angiosperms and the
Cycas/Ginkgo clade. In figure 7, the neighbor-joining tree shows maize as a sister group to a clade
of water lilies (Nvmphaea) and Gymnosperms (Cvcas and Ginkgo). In figure 8, the PUZZLE
Schoeniger-von Haeseler model maximum-likelihood tree resolves fewer relationships that the
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previous trees did, with a major difference also being that it grouped Gnetales (Ephedra) with an
Angiosperm (Arabidopsis), while the parsimony method had placed Gnetales with a Gymnosperm
(Araucaria) and neighbor-joining placed Gnetales as a sister clade to angiosperms, Cycas and
Ginkgo. albeit with less statistical support. Cycas and Ginkgo are consistently grouped together by
each of the three methods as well. The phylogenetic trees based upon nucleotide sequences,
however, are characterized by inconsistencies and low statistical support, if any, for most of the
relationships except for the strong support of the Cycas and Ginkgo clade.

In all of the parsimony and distance phylogenetic trees shown here, no bootstrap values are
indicated on the true trees where relationships in the true trees were not seen in the consensus trees

obtained after bootstrapping.
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Spirogyra spp. Outgroup

Zea mays Monocot
Nymphaea odorata
e Arabidopsis thaliana Dicots
32
59
e Magnolia soulangeana
e Ginkgo biloba
89
LL0G Gymnosperms
e Cycas revoluta
—— Ephedra viridis  Gnetales
57
‘- Araucaria heterophylila Gym nosperm
Spiragyra spp. Outgroup
Ze¢a mays Monocot
Nymphaea odorata
30
e Arabidopsis thaliana :
32 Dicots
] —— Magnolia soulangeana
— o G inkgo biloba
100 89 Gymnosperms
e Cycas revoluta
Ephedra viridis  Gnetales
57
= Araucaria heterophylla G ymnosperm

Figure 6: Two equally parsimonious phylogenetic trees of nucleotide sequences encoding plant
RPBI D-F, inferred using DNAPARS in PHYLIP 3.573¢c. Bootstrap support (% of 1000 replicates)
is indicated at the nodes. The third base of codons were removed and the first codon position of the
sixfold degenerate arginine and leucine codons were substituted with “m” or “y”.
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Spirogyra spp. (Outgroup)
59 08) Araucaria heterophylla Gymnosperm
Ephedra viridis Gnetales
149 Arabidopsis thaliana
73 e Magnolia soulangeana Dicots
e Nymphaea odorata
56
39 (38) e Cycas revoluta
0.01 98 Gymnosperms
Substitutions per site ~—Ginkgo biloba
Zea mays Monocot

Figure 7: Neighbor-joining phylogenetic tree of nucleotide sequences
encoding plant RPB1 D-F. The distances were estimated with DNADIST
of PHYLIP 3.573c using the Kimura 2-parameter model of substitution.
The % bootstrap values obtained from 1000 replicates are shown at the
nodes, with the bootstrap values obtained using the maximum likelihood
model of substitution given in parentheses, when different from those
obtained by the Kimura model. The third base of codons were removed,
and the first base of the sixfold degenerate codons for arginine and leucine
were substituted with “m” or “y”
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Spirogyra spp. Outgroup

Araucaria heterophylla Gymnosperm

e Magnolia soulangeana

e Nymphaea odorata Angiosperms

Zea mays

63
Cycas revoluta
-—E7 Gymnosperms
Ginkgo biloba

Ephedra viridis  Gnetales

52

01 Arabidopsis thaliana Angiosperm

— .
Substitutions per site

Figure 8: Phylogenetic tree of plant nucleotide sequences encoding RPB1 D-F inferred
using maximum likelihood distances with the Schoeniger-von Haeseler model and an
invariable and eight y-distributed rates of substitution, using PUZZLE 4.0.2. The
numbers at the nodes indicate the percent of 10000 quartet puzzling steps supporting
that relationship, if >50%. The third base of codons were removed and “m” or “y”
were substituted for the first base of the sixfold degenerate codons for arginine and
leucine. The fraction of invariable sites is 0 (S.E. = 0) and the y distribution parameter
a =0.17 (S.E. 0.03). The log L =-1392.46 for the tree with nonclocklike
branchlengths shown here.
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Phylogenetic Analysis of Plant RPB1 D-F Amino Acid Sequences:

An alignment of the amino acid sequences inferred from the nucleotide sequence alignment
in Figure 5 was also used for phylogenetic analysis by the parsimony, neighbor-joining and
maximum likelihood methods. The boldfaced section of Figure 9, when considered without any
gaps or deletions, represents the amino acid alignment used to infer the phylogenetic trees shown
in Figures 10. 11. 12 and 13. with Spirogvra, a green alga, as the outgroup (see Appendix 2).
Figures 10 and 11 were inferred by the parsimony and neighbor-joining methods, respectively, while
Figures 12 and 13 are both maximum likelihood trees, inferred using the Blosum62 and JTT models,
respectively.

Four equally parsimonious trees are found in Figure 10. These trees consistently group
Cveas and Ginkgo together as sister groups. with strong bootstrap support. Similarly, these trees
also consistently place Araucaria as the most basal plant and Gnetales (Ephedra) as a sister group
to angiosperms and the Cycas/Ginkgo clade, albeit with low bootstrap support. In three of the four
equally parsimonious trees, Ephedra is nestled amongst the gymnosperms, and the Cvcas/Ginkgo
clade is a sister group to angiosperms. The parsimony trees are inconsistent about the relationships
of angiosperms amongst one another, with monocot, herbaceous or eudicot origins of angiosperms
shown as being equally likely.

The neighbor-joining tree in Figure 11 shows some relationships similar to those in the
parsimony analysis. Cvcas and Ginkgo are grouped together as sister groups, with strong statistical
support. Araucaria is again placed as the most basal plant, and Gnetales (Ephedra) as a sister group
to angiosperms and the Cvcas/Ginkgo clade, with strong statistical support. Relationships amongst

angiosperms remain unresolved, except that Arabidopsis is placed as basal to both angiosperms and
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Figure 10: Four equally parsimonious phylogenetic trees inferred from a 280-position alignment of
plant RPB1 D-F amino acid sequences using PROTPARS in PHYLIP 3.573¢c. Bootstrap support
(% of 1000 replicates) is indicated at the nodes.
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Spirogyra spp. (Outgroup)

26 Araucaria heterophyila Gymnosperm
Ephedvra viridis Gnetales
16 Arabidopsis thaliana
Zsa mays
72 24 Angiosperms
Nymphaea odorata
34
e Magnolia soulangeana
39
— Ginkgo blloba
98 Gymnosperms
L Cycas revoista
Y|

Substitutions per site

Figure 11: Neighbor-joining distance phylogenetic tree inferred from a 280-
position alignment of plant RPB1 D-F amino acid sequences using the Dayhoff
PAM model with PROTDIST and NEIGHBOR in PHYLIP 3.573¢c. Bootstrap
support (% of 1000 replicates) is indicated at the nodes.
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the Cycas/Ginkgo clade, with strong bootstrap support, which is consistent with the neighbor-joining
analysis of nucleotide sequences and with only one of the equally parsimonious amino acid trees.
In contrast, the two equally parsimonious trees from nucleotide data both placed Zea mays, a
monocot, as the most basal angiosperm clade. Relationships amongst Zea mays, Nvmphaea, and
Magnolia, or between these three and their gymnosperm “sister group”, are not resolved with
bootstrap values greater than 50%. While this neighbor-joining analysis provided greater statistical
support for the relationships which it provided, the relationships of most angiosperms are still
unresolved.

Figure 12 (A and B) represent trees with non-clocklike and clocklike branch lengths obtained
with PUZZLE using the Blosum62 model of maximum-likelihood analysis. [n these trees, dicots
are all grouped together, with {rabidopsis as a sister group to a clade that consists of the woody and
herbaceous dicots. Cycas and Ginkgo are also placed together with strong statistical support.
although the exact relationship of this clade to the dicot clade and the monocot is unresolved.
Again, Gnetales are placed at the base of the clade consisting of angiosperms and the Cyvcas/Ginkgo
clade with strong statistical support and Araucaria is placed as the most basal plant lineage. A most
basal angiosperm clade is not established from this analysis. The clocklike branch lengths shown
in Figure 12B were rejected by PUZZLE, thus considered to be less likely than the non-clocklike
branch lengths. In other words, PUZZLE found it unlikely that all of the sequences had identical
substitution rates relative to one another. The analysis represented in Figure 12 (A and B) is
characterized by its greater statistical support for relationships amongst the ingroups than was found

in the previous phylogenetic analyses (Figures 6-8. 10, 11).
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Figure 13 (A and B) represent trees with non-clocklike and clocklike branch lengths obtained
with PUZZLE using the JTT model of maximum-likelihood analysis. In this set of trees,
angiosperms are clearly separated from the remaining taxa with moderate to high statistical support,
and the Gnetales (Ephedra) are found near the base of the tree, amongst the gymnosperm taxa, with
high statistical support. Zea mavs, a monocot, is found as the most basal angiosperm (i.e.. a sister
group to dicots), and the Cycas/Ginkgo clade is found as a sister group to angiosperms. Also,
Nvmphaea, a herbaceous dicot, is shown as a sister group to Magnolia and Arabidopsis. The
clocklike branch lengths shown in Figure 13B were rejected by PUZZLE in this analysis as well.
The relationships shown from this analysis are markedly different from the maximum-likelihood
analysis of nucleotide data in Figure 8, which showed Gnetales as a sister group to Arabidopsis, an
angiosperm, and did not resolve the relationships amongst angiosperms. However, this analysis did
consistently place Araucaria as the most basal plant, and place Cvcas and Ginkgo as sister taxa to
one another. While some parsimony methods did group angiosperms together, Figure 13 represents
the only analysis of these sequences in which the angiosperm taxa are grouped exclusively together

and also related to one another with moderate to high statistical support.
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Spirogyve spp. Outgroup

Arenceria hessrophylla Gymnosperm
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o3 —"-r Gymnosperms
- Ginkge biioba
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— Magnolia souiangesne Angiosperms (Dicots)
30
0l e Nymphiaos odorets
Substitutions per site
Figure 12A: Maximum-likelihood phylogeny inferred from a 280-position alignment

of plant RPB1 D-F amino acid sequences using the Blosum62 model of substitution
with an invariable rate and eight y-distributed rates of substitution and maximum
likelihood distances, using PUZZLE 4.0.2. The numbers at the nodes indicate the
percent of 10000 quartet puzzling trees supporting that relationship, if >50%. The
fraction of invariable sites is 0.41, the y parameter a = 1.01 and log L =-1776.73 for
the tree with nonclocklike branch iengths shown here.
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Fig.12B: Same as above, except with clocklike branch lengths. With log L = -1805.46, PUZZLE rejected this tree



Spirogyra spp. Outgroup

Araucaria heterophylla Gymnosperm

Ephedra viridis  Gneuales

r— Cycas revoluta
99 99 Gymnosperms

— Ginkgo biloba

Zea mays Monocot

59 Nymphaea odorata
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Magnolia soulangeana Dicots
55

0.1 Arabidopsis thaliana

Substitutions per site
Figure 13A: A maximum likelihood distance phylogenetic tree inferred froma 280-
position alignment of plant RPB1 D-F amino acid sequences using an invariable rate
and eight y-distributed rates of substitution according to the JTT model. Numbers at
the nodes represent the percent of 10000 quartet puzzling steps supporting that
relationship, if >50%. The frequency of invariable sites is 0.41, the y parameter a =
1.01 and log L = -1754.94 for the nonclocklike branchlengths shown here.
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Fig. 13B: A tree with clocklike branch lengths, inferred using the JTT model and otherwise as described above. PUZZLE rejected
this tree with log L =-1789.17.
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RPB] in other eukarvotes:

Figures 14, 15 and 16 represent phylogenetic trees of 19 RPB1 D-F amino acid sequences
in animals, plants and fungi inferred by parsimony, neighbor-joining and maximum-likelihood
methods for contrast with Figure 3, which used regions F-H of RPB1 from only 13 sequences, with
another outgroup. The 282-position alignment represented by boxes in dotted lines in Figure 9 was
used for this analysis, with the red alga Porphyra as the outgroup (see Appendix 3).

In Figure 14, only one of three equally parsimonious trees is shown since they only differed
in their groupings of angiosperms amongst one another, none of which was supported by >50%
bootstrap suppourt. However, angiosperms were consistently grouped together exclusively, with the
Ginkgo and Cyvcad clade as a sister group, and Gnetales as a sister group to that clade. However,
Araucaria, which is a gymnosperm, was put in a more basal position than the green alga Spirogyra
amongst plants. In the animal clade, both arthropods (Drosophila and Artemia) were grouped
together with <50% bootstrap support, and both molluscs (Crassostrea and [lvanassa) were grouped
together, with bootstrap support. The nematode (C. elegans) was grouped as a sister to the
arthropods with strong bootstrap support, and this clade was then grouped as a sister to the molluscs
with <50% bootstrap support. The leech (Helobdella) was found basal to this group. The mouse
represented all vertebrates and was placed as a sister group to all of the invertebrates mentioned
above, with 100% bootstrap support. While RPB1 sequences from other vertebrates are available
in Genbank, they are also both from placental mammals (human and Chinese hamster) and are
identical to mouse at the amino acid level in domains D-F of RPB1, thus they were not included in

this analysis. Animals and plants were related as sister groups, in contrast to figure 3.
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The neighbor-joining analysis in Figure 15 also grouped animals and plants together. The
topology of the plant branches of the tree are consistent with the neighbor-joining analysis in Figure
11, except that Spirogyra is placed as an ingroup in the second-most basal position amongst land
plants, consistent with the parsimony results shown in Figure 14. The topology of the animal
branches of the tree are consistent with Figure 3 only in the relationships amongst arthropods and
molluscs. [n contrast to the parsimony tree(s), C. elegans is placed as a sister group to the
arthropod-mollusc clade, albeit with <50% bootstrap support. In Figure 3, C.elegans forms a clade
with Helobdella and together these are a sister group to the arthropod-mollusc clade. However,
mouse (Mus) is placed between C.elegans and Helobdella in Figure |5, making Helobdella the most
basal animal clade, while mouse took that position in Figures 14 and 3. Fungi are grouped together,
near the outgroup.

Figure 16 represents the tree with non-clocklike branch lengths that was obtained using the
JTT model of maximum-likelihood analysis in PUZZLE. Animals and plants are related as sister
groups in this tree. The relationships amongst the major groups of animals and plants, however, are
largely unresolved. Amongst animals, arthropods are grouped together and molluscs are grouped
together, but no relationships are made with these or the leech, nematode or vertebrate. Amongst
plants, Araucaria and Spirogyra are grouped together and placed as the most basal clade of plants,
sister to a mixed clade of angiosperms and gymnosperms. In this group, Nvmphaea and Magnolia
(two angiosperms) are grouped together, and Cycas and Ginkgo (two gymnosperms) are grouped
together, but the relationship of these two groups with one another or with the remaining

angiosperms and Gnetales are not resolved, in contrast with figures 12 and 13.
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Figures 17 and 18 represent phylogenetic trees of 38 sequences of regions D-F of the largest
subunit of RNA polymerases I, II and III (RPA1, RPB1 and RPC1) from a wider assortment of
eukaryotes, inferred using the JTT and Blosum62 maximum likelihood methods in PUZZLE. The
252-position alignment represented by boxes in solid lines in Figure 9 was used for this analysis,
with the Crenarchaeote archaeon Suifolobus acidocaldarius RPA’ as the outgroup (see Appendix
4). While this is a very distant outgroup, it was chosen in order to more clearly determine whether
RPA1 or RPC1 are the sister group to RPBI. Both trees place RPA1 as the sister group to RPBI.
In Figure 17, the relationships of the major eukaryotic groups to one another are not resolved by
either RPB1 or by RPCI sequences by the J1T model of substitution. The relationships seen in
RPBI sequences within animal taxa and within plants are similar to those in Figure 16, except that
Spirogyra and Araucaria are not separated from other plants here. Other RPBI clades seen in figure
17 are: red algae, fungi, Microsporidia, slime molds (Dictvostelium and Acanthamoeba) and a group
with an Apicomplexan and a Parabasalid (Plasmodium and Trichomonas). In the RPA1 branch of
the tree, animals and fungi are related as.sister groups, in the absence of the newly published
Arabidopsis RPA1 sequence.

The relationships seen in Figure 18 are similar to those in Figure 17, with a few notable
exceptions. The relationship of Ginkgo and Cycas is lost in Figure 18, and the slime molds form a
sister group to all plants. A Kinetoplastid - Archamoeba clade is formed with Mastigamoeba and
Trypanosoma RPB1. Within the RPC1 sequences, a fungus and a Diplomonad (Giardia) form a
clade, with a Kinetoplastid (T);vpanosoma) as a sister group. Other relationships are essentially the

same as those seen in Figure 17.
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Mus musculus Vertebrate
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100— Schizosaccharomyces pombe
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— Saccharomyces cerevisiae

Figure 14: One of three equally most parsimonious phylogenetic trees
inferred from a 282-position alignment of amino acid sequences of domains
D-F of RPB1 from Animals, Plants and Fungi, using PROTPARS of
PHYLIP 3.573c. The topology matching that of the consensus bootstrapped
tree is shown, with the percent of 1000 bootstrap replicates supporting that
topology shown at the nodes, if above 50%. Porphyra, a red alga, is the
outgroup. The other two topologies differed only in that, amongst
angiosperms, Arabidopsis remained in the same position, paired with either
Nymphaea or Zea.
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Figure 15: Neighbor-joining phylogenetic tree inferred from a 282-position alignment of
RPB1 D-F amino acid sequences from Animals, Plants and Fungi, with a red alga as the
outgroup, and distances inferred using a Dayhoff PAM distance matrix, using PROTDIST
and NEIGHBOR in PHYLIP 3.573¢c. Numbers at the nodes represent the percent of 1000
bootstrap replicates supporting that relationship, if above 50%.
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Figure 16: Maximum-likelihood distance phylogenetic tree with nor-clocklike branch lengths of a 282-
position alignment of RPB1 D-F amino acid sequences from Animais, Plants and Fungi, estimated using
the JTT model of substitution and an invariable and eight y-distributed rates of substitution with PUZZLE
v.4.0.2. Numbers at the nodes represent the percent of 10000 quartet puzzling steps supporting that
relationship, if >50%. The outgroup is a red alga. The y parameter a = 0.87 and the fraction of invariable
sites is 0.06. The log L of the tree shown here with non-clocklike branch lengths is

-4849.98. The tree with clocklike branch lengths had a log L of -4897.91, and was rejected by PUZZLE
and considered to be unlikely.
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Figure 17: A maximum-likelihood distance phylogenetic tree inferred from a 252-position
alignment of the amino acid sequences for domains D-F of the largest subunit of all eukaryotic
RNA polymerases, inferred using the JTT model of substitution and considering an invariable and
8 y-distributed rates of substitution, with the PUZZLE 4.0.2 program. The numbers at the nodes
represent the percent of 10000 quartet puzzling steps supporting that topology, if above 50%. The
fraction of invariable sites is 0.07 (S.E. 0.02) and y parameter « = 1.72 (S.E. 0.18). The log L of th
tree with non-clocklike branchlengths, shown here, is -12657.44, while the log L of the tree with
clocklike branchlengths was -12788.63 and rejected by PUZZLE.
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Figure 18: Maximum-likelihood distance phylogenetic tree inferred from a 252 residue alignment of
amino acid sequences of domains D-F of the largest subunit of RNA polymerases 1, Il and [11 from
all eukaryotes, with the archaeal homologue (RPA’) from Sulfolobus acidocaldarius as the
outgroup. The Blosum62 model of substitution was used in Puzzie 4.0.2, also considering an
invariabie rate as well as 8 gamma-distributed rates of substitution. Gaps and positions which couid
not be unambiguously aligned in more than three taxa were not included in the analysis. Numbers
at the nodes represent the percent of 10000 quartet puzzling steps supporting that relationship, if
over 50%. The log L for this tree with nonclocklike branch lengths is -12580.61 and the clocklike

tree was rejected. The frequency of invariable sites is 0.07 and the y distribution parameter a = 2.23.
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Compositional Bias:

The G+C content of the region of the RPB1 gene encoding domains D-F varies from 41%
to 54% in plants and trom 36% to 60% in a survey including most other eukaryotes (Figure 19). In
plants and in other eukaryotes, this compositional bias is seen the most at the third base of codons,
and at the first base ot codons to a lesser degree. The nucleotide composition at the second base of
codons is not affected by compositional bias. The compositional bias seen at the first base of codons
is mostly due to bias in the first base of the sixfold degenerate arginine and leucine codons.

The analysis of G+C content at the third codon position of RPBI regions D-F shown in
Figure 20 illustrates the codon usage patterns seen amongst plants and other eukaryotes. For
example, Figure 20B shows that most animals, most plants, and both fungi each share similar codon
usage patterns. Figure 21 also shows the diversity of G+C vs A+T content at the third base of
codons amongst plants for this region of RPB1. Within plants. the four angiosperms also share more
similar nucleotide composition together than they do with the other plants. Fungi are 30-35% G+C
at the third codon position, while most plants are 35-44% G+C and most animals fell into a broader
range of 44-70% G+C, at the same codon position.

Figure 22 illustrates the effects of G+C compositional bias on amino acid usage. The G+C
content in the coding region is compared to the content of amino acids with G+C rich codons (G,
A, R, P) and to the content of amino acids with A+T rich codons (F, Y, M, [. N, K). Whether closely
examining plants alone, or looking at a more broad range of eukaryotes, there appears to be little

effect on amino acid usage from nucleotide compositional bias.
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Figure 21: %G+C of coding region vs % A+T at the third codon position in RPB1 D-F of

plants, demonstrating the variation in G-+C content among plant RPB1 D-F sequences.
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Substitution Analysis of Region D-F of RPB1 in Land Plants:

Tables 5 and 6 show the average nucleotide substitutions per site amongst the 834 bp
alignment of plant sequences shown in figure 5, as calculated using the Li93 program. Table 5
shows the average nonsynonymous substitutions per site (Ka), when they were calculated to be less
than 3.24 by the Li93 method. According to the Jukes-Cantor formula K = -% In(1-*/;P), if the
number of substitutions observed (P) is 20.75, then K is undefined. In this situation, Li93 cannot
calculate K. Those numbers greater than 3.24 result from the presence of too many multiple
substitutions. The Jukes-Cantor formula was used to estimate how many of the 556
nonsysnonymous sites in the alignment had multiple substitutions. This is summarized in Table 7.
Table 6 shows the average synonymous substitutions per site when they were calculated to be less
than 3.24 since other values represented the presence of too many multiple substitutions. The
estimate of the number of 278 synonymous sites in the alignment that had multiple substitutions is
summarized in Table 8. These resuits show that the synonymous sites are saturated with multiple
substitutions, while the incidence of multiple substitutions at nonsynonymous sites is approximately
100 times less.

The Ka of Nvmphaea and Magnolia vs maize and vs Araucaria, Ginkgo and Cvcas. as well
as the Ka of Spirogyra vs Araucaria and Nvmphaea compared with the approximate divergence
times of these groups is shown in Figure 23. Other comparisons are not shown in this graph if either
the divergence time is uncertain or the Ka (see Table ) is undefined. Major conclusions should not

be made from this graph without the inclusion of more data from vascular plants at least.
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Table 5: The weighted average of nonsynonymous substitutions per site (K,), with standard error,
calculated for the nine plant RPB1 D-F nucleotide sequences by Li93. The P, = % (1-e "% is

shown underneath in parentheses. Dashes represent undefined terms.

Standard Error

Nonsynonymous substitutions per site

Spirogyra  Araucaria Cycas Ephedra thnkgo Magnolia Nvmphaea Jea mavs Arabidopsis
sp. heterophvlla  revoluta viridis biloba  soulangeana odorata . thaliana
Spirogvra sp. 0.016 . 0.016 - - 0.014 . -
Araucaria (.136 - - - 0.013 - - -
heterophyllu (0.124)
Cyeas - - 0.013 0005  0.008 0.008 001 00!
revoluta
Ephedra 0.137 - 0.097 0.013 0.013 0.013 0.013 0.014
viridis —(0.125) (0.091)
Ginkgo - - 0.018 0.093 0.007 0.007 0.01 0.012
biloha (0.018) (0.087)
Magnolia - 0.093 0.041 0.094 0.035 0.006 0.01 0.009
soulungeana (0.087)  (0.040) (0.088) (0.034)
Nvmphaea ()] 14 - 0.039  0.095 0.029 0.022 0.01 0.01
odorata (0 106) (0.038) (0.089) (0.028) (0.022)
Jea mavs - - 0.049 0.101  0.047 0.034 0.043 -
’ (0.047) (0.094) (0.046) (0.033) (0.042)
Arabidopsts - - 0.077 0.105 0.080 0.053 0.065 -
thaliana (0.073) (0.098) (0.076) (0.051)  (0.062)

Table 6: The weighted average of synonymous substitutions per site (K,), with standard error,
calculated for the nine plant RPB1 D-F nucleotide sequences by Li93. P, is shown undemneath in
parentheses. Dashes represent undefined terms.

Standard Error

Sp:rogvra sp.

Araucaria
heterophylla

Cyveas
revolutua
Ephedra

viridis

Ginkgo

hiloba
Magnolia

soulangeana
Nvmphaea
odorata

Zea mays

Arabidopsis

| Synonymous substitutions per site (Ks)

thaliana

Spirogyra Araucaria Cyeas Eplrgdru Gl_'nkgo Magnolia Nvmphaea Zea mavs Arabidopsis
P heterophyila revoluta viridis hiloba  soulungeanu oadoratd : thaliana
- - 0.258 0.077 0.226 0.276 3.882 252

- - 1.323 0.261 0.824 - - -
(0.621)

- - 0.562 1.451 0.267 0.68 - -
(0.395) (0.642)

- - 1.31 1.96 1.566 0209 0.242 0.507

(0.62) (0.70) (0.657)

- - 1.456 - 2.28 1.318 0.346 0.769
(0.642) 0.71) (0.621)

- - 2.835 - - 1.476 1.669 -
(0.733) (0.645) (0.669)

- - 2.988 - - 1.889 2.162 -
(0.736) (0.690) (0.708)
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Table 7: Estimate of the number of multiple substitutions at nonsynonymous (n.s.) sites in plant
RPB1 D-F sequences shown in Figure 5, calculated using the difference between the K, and P,
values shown in Table 5.

species 1 species 2 Inferred Observed % multiple # of multiple
frequency of frequency of  substitutions at  substitutions in
n.s. n.s. n.s. sites 556 n.s. sites
substitutions substitutions
(K, (P,)

Araucaria Spirogyru 0.136 0.124 1.2% 7
Ephedra Spirogyra 0.137 0.125 1.2% 7
Nvmphaea Spirogyra 0.114 0.106 0.8% 4
Araucaria Magnolia 0.093 0.087 0.6 % 3
Cycas Ephedra 0.097 0.091 0.6 % 3
Cyvcas Ginkgo 0.018 0.018 0% 0
Cycas Magnolia 0.041 0.04 0.1 % 1
Cvcas Nymphaea 0.039 0.038 0.1 % |
Cycas Zea 0.049 0.047 0.2 % 1
Cycas Arabidopsis 0.077 0.073 0.4 % 2
Ephedra Ginkgo 0.093 0.087 0.6 % 3
Ephedra Magnolia 0.094 0.088 0.6 % 3
Ephedra Nvmphaea 0.095 0.089 0.6 % 3
Ephedra i Zea 0.101 0.094 0.7% 4
Ephedra Arabidopsis 0.103 0.098 0.7% 4
Ginkgo Magnolia 0.035 0.034 0.1 % 1
Ginkgo Nvmphaea 0.029 0.028 0.1 % I
Ginkgo Zea 0.047 0.046 0.1 % 1
Ginkgo Arabidopsis 0.08 0.076 0.4 % 2
Magnolia Nymphaea 0.022 0.022 0% 0
Magnolia Zea 0.034 0.033 0.1 % 1
Magnolia Arabidopsis 0.053 0.051 0.2% i
Nymphaea Zea 0.043 0.042 0.1 % 1
Nymphaea Arabidopsis 0.065 0.062 03% 2
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Table 8: Estimate of the number of multiple substitutions at synonymous (syn.) sites in plant RPB1
D-F sequences shown in Figure 5, calculated using the difference between the K, and P, values
shown in Table 6.

Inferred Observed
frequency of frequency of % multiple # of multiple
species 1 species 2 syn. syn. substitutions at  substitutions in
substitutions substitutions syn. sites 278 syn. sites
(K) (P)

Cycas Ephedra 1.323 0.621 70.2 % 195
Cycas Ginkgo 0.562 0.395 16.7 % 46
Cycas Magnolia 1.31 0.62 69 % 192
Cycas Nymphaea 1.456 0.642 81.4% 326
Cycas Zea 2.835 0.733 210.2 % 584
Cycas Arabidopsis 2.988 0.736 2252 % 626
Ephedra Ginkgo 1.451 0.642 80.9 % 225
Ephedra Magnolia 1.96 0.7 126 % 350
Ginkgo Magnolia 1.566 0.657 90.9 % 253
Ginkgo Nymphaea 238 0.71 157 % 436
Magnolia Nymphaea 1.318 0.621 69.7 % 194
Magnolia Zea 1.476 0.645 83.1% 2351
Magnolia Arabidopsis 1.889 0.69 119.9 % 333
Nymphaea Zea 1.669 0.669 100 % 278
Nvmphaea Arabidopsis 2.162 0.708 1454 % 404
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Figure 23: Divergence times vs nonsynonymous substitutions per site (Ka) in plant RPB1D-
F sequences. Ka values (see Table 7) of Magnolia and Nymphaea vs maize, Cvcas and
Ginkgo. of Araucaria vs Spirogyra and Magnolia. of Spirogyra vs Nymphaea and
Ephedra, and of maize, Ephedra and Arabidopsis vs Cvcas and Ginkgo were compared to
divergence times adapted from Crane er al (1995), Cronquist (1981) and Stewart and
Rothwell (1993). Some comparisons (e.g, Magnolia vs Nvmphaea) were not plotted
because of unknown divergence times. while others were not plotted because the Ka was
undefined.




Relative Rate Tests:

Relative rate tests were done using the RRTree program with amino acid sequence
alignments of plants, of animals, plants and fungi, and of RPA1, RPB1 and RPC1. These results are
summarized in Tables 9-12. Each plant sequence was compared individually (Table 9), while in the
other analyses, groups of sequences were compared to each other using the group’s mean
substitution rate (K), with each taxon in the group equally weighted (Tables 10-12). The p-value
for the exact probability that the two groups have the same substitution rates was tested against o

= 0.05/(number of comparisons). No significantly different rates of substitution were found.

Table 9: Results of relative rate tests of substitution rates (K) of amino acid sequences of RPBI
regions D-F amongst plants, based upon the alignments shown in Figure 9 and also in Appendix 2.
Since 28 pairwise comparisons were made in this analysis, & = 0.05/28 = 0.002. Spirogyra is the
outgroup. P-values are given in the upper upper corner of the table, while the difference in
substitution rate is given in the bottom of the table.

p-value

Araucaria Cyeas Epﬁgz{m Ginkgo Magnolia  Nvmphaea Zeu mavs Arabidopsis
- heterophylla  revoluta  viridis  biloba  soulungeana  odorata ** thaliana
é Araucaria heterophyvila 0.765 0.895 0.678 0.715 0.833 0.891 0.894
g Cyeas revoluty 0.04 0611 0.809 0.958 0.874 0.804 0.611
-,§ Ephedra viridis -0.018 -0.058 0.542 0.607 0.704  0.763 0
'«E Ginkgo biloba 0.053  0.013 0071 0909 0717 0.689 0.542
z Magnolia soulangeana  ().044 0.004 0.062  -0.009 0.767 0.729 0.516
é Nymphaea odorata 0.027 -0.013 0045 -0.026 -0.017 0914  0.668
é Zea mays 0.018 -0.022 0.036 -0.035 -0.026 -0.009 0.756
® | Arabidopsis thaliana  .0.018 -0.058 0 -0.071  -0.062 -0.045 -0.036
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Table 10: Results of relative rate tests of substitution rates (K) of amino acid sequences of RPB1
regions D-F between animals, plants and fungi, based upon the alignments shown in Figure 9 and
also in Appendix 3. Since three pairwise comparisons were made in this analysis, o = 0.05/3 =
0.017. Porphyra is the outgroup.

Group 1 Group 2 AK p-value
animals plants -0.136 0.397
animals fungi -0.027 0.878

plants fungi 0.108 0.526

Table 11: Results of relative rate tests of substitution rates (K) of amino acid sequences of RPB1
regions F-H between animals, plants and fungi. based upon the alignment shown in Figure 2. Since
three pairwise comparisons were made in this analysis, a = 0.05/3 = 0.017. Dictvostelium is the

outgroup.

Group 1 Group 2 AK p-value

animals plants 0.177 0.264

animals fungi -0.065 0.642
plants fungi 0.242 0.142

Table 12: Results of relative rate tests of substitution rates (K) of amino acid sequences of regions
D-F of RPA1, RPBI and RPCI1 in eukaryotes, based upon the alignments shown in figures 9 and in
Appendix 4. Since three pairwise comparisons were made in this analysis, a = 0.05/3 = 0.017.
Sulfolobus is the outgroup.

Group 1 Group 2 AK p-value
RPA1 RPBI -0.221 0.34
RPAI RPCI -0.268 0.253
RPBI RPCI 0.048 0.825
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Copy Number of Plant RPBIs:

Southern analysis of Magnolia and Nvmphaea genomic DNA probed with homologous
RPB1 D-F clones by G. Drouin showed the presence of multiple signals. The presence of
hybridization signals 7-11 kb in size verifies the source of the cloned RPBI PCR products. The
largest multiple bands indicate that multiple copies of RPB1 genes exist in these genomes. The
presence of several smaller bands in lanes 1 and 3 cf Figure 24A and in lane 2 of Figure 24B may
indicate that some of the copies of RPB! were cut internally. Table 13 shows the ploidy of the
plants used in this study. Both Magnolia soulangeana and Nymphaea odorata are polyploid, with
chromosome numbers of 6n = 114 and 12n = 84, respectively. It is possible that the multiple copies
of RPBI are a result of this polyploidy and/or gene duplication(s). Since the blots were washed
under moderate stringency, the degree of identity of the hybridization signals with the probe is not
known, so RPB1 pseudogenes may have hybridized if they were present. These two Southern blots
could not specifically rule out the possibility that paralogous RPB1 sequences from Magnolia
soulangeana and Nymphaea odorata were being used for phylogenetic analysis.

Initial hybridizations with the Northern blots (by B.M.) did not work (results not shown) and
were not repeated, but the blots have been stored for future use. Southern blots of Cvcas and Ginkgo
(by B.M., results not shown) total DNA digested with EcoRI, BamH]I, or a double digest of both
enzymes, and probed with homologous probes of RPB1 D-F cloned PCR products revealed
hybridization of 8-kb bands, which could contain the entire coding region and intron sequences of
RPBI. However, these membranes had a lot of background hybridization and it is difficult to
confirm or rule out the presence of smaller bands such as those seen in Figure 24. Southern analysis

of Araucaria total DNA did not work as a result of prevailing difficulty in obtaining sufficiently
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clean DNA for electrophoresis of a small, concentrated sample volume. Southern blots were
prepared for Osmunda, Psilotum, Marchantia and Equisetum but have not been hybridized and are
stored for later use. Southern analysis of Ephedra and maize did not work and needs to be repeated.

It is important to note three points in favor of orthology of other RPB! sequences used in this
analysis. First of all, RPBI is known to exist as a single copy in all eukaryotes besides
Trypanosoma brucei and Glycine max, although this has not been investigated further in diploid
RPB1 sequences cloned in this study. The expressed genes from Arabidopsis thaliana. Zea mays.
and Spirogyra were used for the phylogenetic analysis of RPBI in plants. The three intron positions
and the length of the coding sequence in regions D-F found previously in Arabidopsis and in
Spirogvra were perfectly conserved in all of the plant RPB1 sequences.

Table 13 identifies several (*) species from which RPB1 PCR products were not cloned.
Prevailing difficulty was experienced in isolating sufficiently clean and abundant sampies of DNA
from Osmunda, Equisetum. Marchantia and Psilotum, but most of all with Osmunda. Cloning RPB1
D-F was also complicated by the PCR amplification of multiple PCR products, which probably
indicate gene duplications compounded by the ancient polyploidy (Stebbins, 1950) of ihese species.

RPB1-like clones were never obtained from Gnerum and Welwitschia.
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Figure 24 A and B: Southern blots of Magnolia soulangeana (A) and Nvmphaea odorata (B) total
genomic DNA digests probed with homologous clones of regions D-F of RPB1. Lanes 1,2 and 3
represent single digests with EcoRI. Pstl and Xbal. The ABstEll size marker is in the centre.
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Table 13: Ploidy of representatives of some major plant phyla (Bennett er.al., 1982; Bennet and
Smith, 1976; Darlington and Ammal, 1945; Sparrow er.al., 1972; Stebbins, 1950).

SPECIMEN

Arabidopsis thaliana
Araucaria heterophylla
Cycas revoluta

Ephedra viridis
Equisetum arvense*
Ginkgo biloba

Gnetum gnemon*
Magnolia soulangeana
Marchantia polymorpha*
Nymphaea odorata
Osmunda cinnamomea*
Psilotum nudum*
Welwitschia mirabilis *
Zea mays

*species from which RPB1 was not cloned.

MQSOME NUMBER
n=35 (2n)
n=13 (those species listed were all 2n)
n=11,12 (2n)
n=7 (2n or 4n)
n=108, polyploid
n=12 (2n)

n="7 (those Gnerum species listed were 2n=24)

n=19 (6n)

n=9, ploidy uncertain
n=7, 14 (12n=84)
n=22, likely polyploid
n=104, polyploid
n=7 (6n or 12n found)
n=10 (2n)
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DISCUSSION

Phylogenetic Analysis of DNA Sequences of Regions D-F of RPBI in Plants:

Only one relationship amongst plants was consistently resolved using three different methods
of phylogenetic analysis of RPBI D-F nucleotide sequences. Cyvcas and Ginkgo were always
grouped together. with strong support. On the basis of this analysis. due to the conflicting
phylogenies obtained using different methods to analyse the same dataset, neither the woody nor
herbaceous origin of angiosperms can be supported. Similarly, the position of the Gnetales relative
to gymnosperms and angiosperms is also unclear. The grouping of Cycas and Ginkgo is consistent
with results found by Chaw er a/ (1997) with an {8S rRNA dataset and by Goremykin et al (1996)
with an rbcL and chloroplast intergenic transcribed spacer (cplTS) sequence dataset.

The data about nucleotide compositional bias in plant RPB1 D-F sequences, described in
figures 19 through 21, reveals that compositional bias likely had little effect upon this set of
phylogenetic analyses. The trend of nucleotide composition of the coding region had negligible
impact upon the second base of codons in this sequence, nor does it impact the first codon position
after the neutral symbols “m” and "y” were substituted for the first base of arginine and leucine
codons. It is also unlikely that the inconsistencies in the trees in figures 6-8 result from the similar
codon usage patterns shared by seven of the eight ingroup plant taxa, which are simply a unifying
characteristic of plant RPB1 D-F. The short length of this sequence (556 nonsynonymous sites) and
the conserved nature of this part of the coding region of RPB1 probably did not provide enough

informative variation to clearly infer the phylogeny of these plants (Nei, 1996).
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codons. It is also unlikely that the inconsistencies in the trees in figures 6-8 result from the similar
codon usage patterns shared by seven of the eight ingroup plant taxa, which are simply a unifying
characteristic of plant RPB1 D-F. The short length of this sequence (556 nonsynonymous sites) and
the conserved nature of this part of the coding region of RPB1 probably did not provide enough
informative variation to clearly inter the phylogeny of these plants (Nei, 1996).

It also appears that the distance and parsimony trees constructed with the RPB1 nucleotide
dataset were more prone to “long branch attraction” than was the PUZZLE maximum-likelihood
(ML) method. With the former two methods, the most different sequences fell to the bottom of the
trees. The latter method separated Ephedra and Arabidopsis, which both had long branches, away
from the bottom of the tree (where both of the other long branches lie) and positioned them closer
within the ingroups. However, even there, these two taxa were still grouped together, albeit with
low support. The results shown in figure 8 which use the ML method and account for substitution
rate heterogeneity in different parts of the alignment were the most robust results obtained from the
nucleotide data. However, this method is not enough to resolve relationships in the absence of

sufficient informative variation.

Phvlogenetic Analysis of Amino Acid Sequences of Regions D-F of RPBI in Plants:

Figure [3(A) represents the most robust tree obtained from analysis of RPB1 D-F in plants,
since it inferred specific relationships of seven of the eight ingroups with one another, each with
55% or greater statistical support, unlike any of the previous trees in this study. This shows the
difference made by using a method which accounts for substitution rate heterogeneity amongst

sequences.
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sequences by Goremykin er a/ (1996) and Hasebe (1992) and by different analyses by Hansen er
al (1999) of a 9149 bp alignment which included several chloroplast genes and nuclear-encoded 18S
rRNA. This relationship is also supported by the analysis of the MADS-box multigene tamily by
Winter er a/ (1999) and by the analysis of a concatenated dataset of genes encoded in the nucleus,
mitochondria and chloroplasts by Qiu er a/ (1999).

Figure 13 also weakly supports the herbaceous origin of dicots, but the position of monocots
as the most basal angiosperms conflicts with most other molecular and morphological datasets.
Parsimony analysis (figure 10 A and B) also weakly supports a herbaceous origin ol angiosperms
in two of four equally parsimonious trees, while neighbor-joining (figure 11) cannot resolve this
relationship. RPB2 analysis (Denton er al, 1998) also supports a herbaceous origin of angiosperms
but further comparisons of plant RPB2 and RPB1 analyses are limited by the different taxa used in
cach dataset. With Hordeum representing monocots in the RPB2 tree, rather than Zea in the RPB1
tree, RPB2 placed monocots amongst the woody dicots rather than at the base of the angiosperm
tree. Recent analyses of sequences encoded in the nucleus, mitochondria and chloroplasts agree
that angiosperms had a herbaceous origin, placing Nvmphaea as one of the earliest angiosperms
(Mathews and Donoghue, 1999; Parkinson er al, 1999: Qiu er al. 1999: Soltis er al. 1999: see
Appendix 5 and discussion below).

As with the parsimony and neighbor-joining phylogenetic trees interred from plant RPB1
nucleotide data, the parsimony and neighbor-joining amino acid trees also appear to show *“long
branch attraction”. This flaw is shaken apart somewhat using the Blosum62 model of substitution
in the maximum-likelihood analysis, which draws Arabidopsis amongst other angiosperms rather

than stuck amongst gymnosperms. The JTT (Jones, Taylor, Thornton) model of substitution not
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only does this, however, but also resolves more relationships from this dataset, with high statistical
support.

The discrepancy between distance and parsimony methods is discussed in detail by Kuhner
and Felsenstein (1994) as well as by Tateno et al (1994) concluding that the difference in
substitution rates amongst different taxa can cause inaccuracy in parsimony analysis, and generally
that in the case of high transition/transversion ratios, maximum likelihood was more accurate than
neighbour-joining, and these methods were more efficient than parsimony methods.

While the Blosum62 and JTT models of substitution used with the ML method in PUZZLE
are both suitable for amino acid data encoded by nuclear genes, the Blosum62 matrix is intended for
use with more distantly related amino acid sequences (Strimmer and von Haeseler, 1999). The
differences in the trees shown in figures 12 and 13 are probably due to the difference in the
suitability of the model chosen to analyse that dataset. The relationships of plant RPBI sequences
are not as decisively resolved by the Blosum62 model as they are by the JTT model, so these
sequences may be too closely related (or too conserved) for the Blosum62 model to work properly.
In contrast, when the JTT and Blosumé62 models are applied to a dataset of much more distantly
related RPB1 D-F sequences, as shown in figures 17 and 18, only the Blosum62 model is able to
relate slime molds as a sister group to green algae and plants. In this case, the JTT model could not
resolve the relationships of any ot the major groups of eukaryotes with one another.

Several other points of criticism arise with respect to the phylogenetic tree topologies
reconstructed in this study. It was found previously (Wainright e al, 1993) that the absence of
early branching lineages within each of the major groups to be classified, the use of partial

sequences, and not using a closely and distinctively related outgroup (Rodrigo et al. 1994) all
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detracted from the support for the grouping of animals and fungi as a monophyletic group and
animals as monophyletic using 18S rRNA sequences as a phylogenetic marker. The phylogenetic

trees presented here using regions D-F of RPBI as a phylogenetic marker suffer from these

problems.

Three criteria need to be improved to obtain a better estimate of the evolutionary
relationships of land plants using RPB1. First ot all, Spirogyra is not a good outgroup to the existing
plant RPB1 D-F dataset because it is too distantly related to the ingroups. This is demonstrated in
tables 5 and 6, which show that too much homoplasy exists between the outgroup and several
ingroups. Second. this analysis lacks vascular plants such as Marchantia, Equisetum and Psilotum,
which are earlier-diverging land plants and intermediate to the current outgroup and ingroups.
Inclusion of representatives of other major lineages of gymnosperms and angiosperms, such as the
Pinaceae, Rosidae and Asteridae would also help to resolve the relationships of the most basal
angiosperm clades. Third. the use of short, partial sequences detracts from this analysis. Nei (1996)
reiterates that “methods such as neighbor joining, likelihood, and parsimony methods produce
reasonably good phylogenetic trees when a sufficiently large number of nucleotides or amino acids
are used”. Examination of'the alignments in Appendices | and 2 shows few synapomorphies. This
is particularly detrimental to parsimony analysis and resulted in multiple equally most parsimonious
trees. A longer sequence from RPB1 would provide additional informative sites for analysis.

Since there is evidence that multiple copies of the RPB1 gene exist in Magnolia and
Nymphaea, it is possible that this phylogenetic analysis suffers from the use of non-orthologous
genes. These two plants are polyploids (6n and 12n), and it is unknown which copies of RPBI

identified by Southern analysis are expressed or which might be pseudogenes. The Arabidopsis and
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Zea mayvs RPBI sequences used here are from the expressed RPBI gene, and Arabidopsis only has
a single copy of RPB1 (Dietrich e al, 1990). All of the plant species used in this analysis are
diploid except for Magnolia and Nvmphaea. While the use of cDNA sequences of RPBI for
phylogenetic analysis would not exclude the possibility of comparing non-orthologous genes, it
would be a good start and could be followed by a collection of more RPB1 sequence data from the
same plants so that orthologous sequences might be found.

Several recent plant molecular evolution studies included a broad sampling ot angiosperm
taxa and several closely-related outgroups. They corroborated one another in finding that
herbaceous dicots, including Amborella and Nvmphaea, are the earliest extant angiosperm species.
The parsimony analyses of nuclear-encoded phytochrome A and C genes from 26 angiosperms
(Mathews and Dongohue, 1999) supported an herbaceous origin of angiosperms whether
phytochrome A, C or A and C sequences were analysed. Parkinson er a/ (1999) performed a
maximum-likelihood analysis, accounting for site-to-site rate heterogeneity, of'a 6564 bp alignment
of rbel genes encoded in chloroplasts, small subunit rRNA genes encoded in the nucleus and small
subunit rRNA, cox/ and rps2 genes encoded in mitochondria. This analysis included 51 taxa and
had several gymnosperms (Cyvcas. Ginkgo and Coniferales) as the outgroups to angiosperms. Qiu
et al (1999) also performed a parsimony analysis of a 8733 bp alignment of 185 rRNA genes
encoded in the nucleus, atp! and matR genes encoded in mitochondria and arpB and rbcL genes
encoded in chloroplasts of 105 angiosperm and gymnosperm species. Gnetales and several
gymnosperms, including Cvcas, Ginkgo and Coniferales were specified as the outgroup to

angiosperms. Soltis er al (1999) performed an analysis similar to that of Qiu er a/ (1999), but less
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the mitochondrial genes, which enabled them to compare sequences from 567 angiosperm and
gymnosperm species.

While these most recent and large-scale studies provide very important information, it is
clear that additional data from a protein-coding nuclear gene is required to corroborate these
findings. Phylogenetic analysis of regions A through H of RPB! would provide much longer
sequences than the combined phytochrome dataset (Mathews and Donoghue, 1999) and would be
informative when analysed independently as well as in combination with other nuclear,

mitochondrial and chloroplast-encoded genes.

Substitution Analysis:

The substitution analysis of synonymous and non-synonymous sites of plant nucleotide
sequences for regions D-F of RPBI1 showed that the 278 synonymous sites had large levels of
multiple substitutions, but the 556 non-synonymous sites had tew if any (0-7) multiple substitutions.
So, as long as synonymous sites are excluded. as they are here, little if any homoplasy is introduced
into the analysis. The fact that there is very littie multiple substitution at the nonsynonymous sites
suggests that these sequences would be usetul to resolve the evolutionary relationships of land plants

if longer sequences were available.

Relative Rate Tests:
While the phylogenetic methods which account for substitution rate heterogeneity offer more
resolution to the inference of the evolutionary relationships of plants with RPB1 D-F sequences,

relative rate tests of this dataset do not indicate any significantly different rates of amino acid
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substitution. Relative rate tests also show that regions D-F do not have significantly different
substitution rates when comparing RPBI of animals to plants to fungi, nor when comparing RPA1

to RPBI! to RPC1 in all eukaryotes.

Phylogenetic Analyses of Regions D-F of RPBI in Other Eukaryotes:

Both the analyses of domains F-H and of domains D-F of RPB1 in animals, plants and tungi
shown in figures 3 and in figures 14-16 consistently grouped animals and plants as sister groups, by
parsimony, neighbor-joining, and PUZZLE maximum-likelihood methods. These results are
contrary to most of the recent molecular phylogenetic studies of these groups, which support the
evolutionary hypothesis that animals are more closely related to fungi than to plants.

Plants and animals were found to form a monophyletic group in molecular phylogenetic
analyses of the 90 kDa heat shock protein Hsp90 (Gupta, 1995), multiple rRNA and tRNA species
(Gouy and Li, 1989) and Cu-Zn superoxide dismutases (SOD) by Fitch and Ayala (1994). The
analysis of Hsp90 was made by using neighbor-joining and parsimony methods to analyse a 620
amino acid alignment of 31 sequences, with approximately 40% identical sites. Gouy and Li's
(1989) analysis was also made using neighbor-joining and parsimony methods. The analysis of
SOD sequences by Fitch and Ayala (1994) using Fitch’s ANCESTOR program and accounting for
rate heterogeneity was made using an alignment of 67 amino acid sequences 1 |8 residues in length,
with the invariable sites removed. Fitch and Ayala point out that without examining the possibility
that subsets of amino acids used in a phylogenetic analysis may evolve at different rates, errors can
be made in estimating divergences by assuming a molecular clock. Gupta (1995) and Gouy and Li

(1989) did not take this possibility into account while inferring those phylogenetic trees. A possible
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problem with the SOD analysis, however, could be the shortage of informative sites in this relatively
short and conserved sequence. The SOD dataset is even shorter in length than the RPB1 dataset
presented in this study.

Sidow and Thomas (1994) also showed that animals and plants grouped together, excluding
fungi, with distance, parsimony and maximum-likelihood analyses of RPBI nucleotide and amino
acid sequences. Alignments corresponding to the tirst and second bases of codons and the inferred
amino acid sequence of 2038 codons of RPB1 were used for their analyses. These analyses were
limited by a sparse sampling (6-10 species) of diverse eukaryotic taxa , however, and the authors
did not report that they accounted for rate heterogeneity in their phylogenetic analysis.

Morris (1998) and reterences therein support some of the relationships seen amongst animals
in figures 3 and 14, which are the maximum-likelihood tree of regions F-H of RPBI and a
parsimony tree of regions D-F of RPBI in animals, plants and fungi. Morris’ paper shows the
consensus of fossil and molecular systematic evidence of the phylogenetic relationships of animals.
The RPBI F-H tree as well as the parsimony tree of the D-F data separate the deuterostomes (Mus)
from the protostomes (the other animals). Figure 14 shows arthropods and nematodes grouping
together, as a sister group to molluscs, which is also supported by Morris’ paper. which also states
that these lineages diverged more than 500 million years ago. Since this predates the origin of land
plants, this is additional support to the argument that a longer sequence from RPB! is needed to
provide additional informative sites from this conserved protein sequence to sort out the
evolutionary relationships of plants, since the D-F region does not even provide enough information

to resolve the (earlier) relationships of animals with consensus using different methods.
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Recent phylogenetic analyses of small subunit ribosomal RNA (SSU rRNA) sequences by
maximum-likelihood methods (Wainright er al, 1993 and Van de Peer and De Wachter, 1997) and
distance methods, accounting for rate heterogeneity amongst sites (Kumar and Rzhetsky, 1996), in
addition to studies of numerous protein-coding genes all support a close relationship of animals with
fungi, excluding plants from this group. Baldaut and Palmer (1993) found animals and fungi to be
most closely related by both parsimony and distance analyses of sequences for EF-la (an elongation
factor), o and B—tubulin and actin. This relationship was also found in later analyses of these
sequences, i.e. with neighbor-joining analysis of actin by Drouin er a/ (1995), with neighbor-joining
analysis of o and B-tubulin by Keeling and Doolittle (1996) and with EF-la using distance,
parsimony and maximum-likelihood methods by Baldaut and Doolittle (1997) and Roger er af
(1999). The latter two studies utilised the JTT amino acid transition probability matrix adjusted for
amino acid frequences and the PROTML program for the maximum-likelihood analysis but did not
account for rate heterogeneity. While these proteins also have highly conserved sequences, greater
length (approximately 100-150 amino acids longer than this RPB1 D-F alignment) provided
additional informative sites. Analysis of other elongation factors (EF-2 by Hirt er a/ (1999) and EF-
Tu and EF-G by Baldauf er a/ (1996)) also supported the grouping of animals with fungi. Both
analyses used distance, parsimony and PROTML maximum-likelihood methods, and account tor
rate heterogeneity within sequences, while Hirt er a/ (1999) also accounted for base composition
heterogeneity between sequences in their analyses.

Sidow and Thomas (1994) point out that genes encoding elongation factors may undergo
concerted evolution, so the evolutionary relationships of sequences of unrelated proteins should also

be studied. Animals and fungi were also found to be sister groups in analyses of genes encoding the
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60 kDa chaperonin (Cpn60) protein (Clark and Roger (1995), Roger er al (1998)), the 70 kDa heat-
shock protein, Hsp70 (Borchiellini er a/ (1998)), aminoacy!-tRNA synthetases (Brown and Doolittle,
1995) and translation initiation factor elF-2y (Keeling et a/ (1998)).

These are only a few of some major examinations of the relationships amongst plants, fungi,
and animals using molecular data. It is difficult to group two of these groups together with
consensus because they have emerged during very proximal periods of time. This is also reflected
by the weak support for many internal nodes in the analyses of RPB1 shown in figures [4-18.

The analyses represented by figures 14-18 were dominated by taxa which were very closely
related amongst their own groups, and each of these groups were very distantly related to one
another. This makes it likely that there is a shortage of synapomorphies amongst closely related
taxa, while homoplasies have accumulated between distantly related groups. The topology of the
RPBI tree might be difterent if a more broad representation of sequences were included. including
more early-branching lineages in each of the major eukaryotic kingdoms that would effectively be
intermediate taxa amongst the major groups. This would reduce the homoplasies seen from one
taxon to the next and might thus reduce the overall substitution rate heterogeneity. Unequal rates
of substitution amongst organisms might skew the dataset to misrepresent the positions of taxa in
a phylogenetic tree (Baldaut and Palmer, 1993).

The close relationship of RPB1 to RPAI rather than to RPC1 shown in figures |7 and 18 is
supported by neighbor-joining and maximum likelihood analyses of type A RNA polymerases by
a set of complete sequences by Iwabe er al (1991), as well as by the parsimony and “parsimonious
low sum of squares” trees inferred by Klenk er a/ (1995) from a 1168-amino acid alignment. The

distance analysis by Klenk er al (1995) placed RPC1 and RPA1 as sister groups, but the analyses
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in that paper were limited by a number of partial sequences, a sparse sampling of taxa and by not
accounting for rate heterogeneity.

Phylogenetic analyses of domains D-G, A-G and A-H of RPB1 from 12-16 distantly related
eukaryotes by Stiller and Hall (1997, 1998), Stiller er a/ (1998) and Hirt e a/ (1999) showed trees
with stronger statistical support than the analyses of shorter RPB1 sequences (D-F) from a more
broad selection of taxa (38 species) shown here in Figures 17 and 18. However, depending upon
the selection of taxa, the alignment, and the method used to construct the trees in these studies, the
relationships of animals, plants and fungi to one another were not always resolved in these analyses
either, although some relationships of deeply diverging protist and algal lineages were always
resolved. Stiller and Hall (1998) and Stiller er al (1998) showed that with consensus trees from
parsimony, distance and maximum likelihood analyses of regions A-H of RPBI, red algae were
distinctly separated from basal eukaryotic lineages and formed a sister group to the “crown”
eukaryotic taxa. In this “crown™ group, however, the relationships of animals, plants, fungi and slime
molds to one another were not resolved. The relationships amongst the 3-4 most basal lineages
(Giardia, Trypanosoma, Mastigamoeba, and Trichomonas) also were not well-resolved in these
trees. Stiller and Hall (1997) found that phylogenetic trees of regions D-G of RPB1 inferred by both
parsimony and distance methods found fungi as the sister group to a clade consisting of a plant, a
green alga and a slime mold. Their maximum-likelihood analysis of regions A-H (excluding the
green alga), however, placed fungi as a sister group to animals. Also, while parsimony and distance
methods showed congruent relationships of basal eukaryotes (in considering regions D-G),
maximum likelihood (considering regions A-H) resolved the topology of these relationships

differently.
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In the phylogenetic analysis of 15 sequences of regions A-G of RPB1 using a combination
of parsimony and maximum likelihood methods, Hirt et al (1999) showed well-resolved
relationships amongst the basal eukaryotic taxa, and a strongly supported relationship of
Microsporidia with fungi. However, the fungi + Microsporidia clade was only placed as a sister
group to animals with <50% bootstrap support. They also found that removal of fast-evolving sites
from the alignment increased the bootstrap support in parsimony analyses, which are more sensitive
to unequal substitution rates. For maximum-likelihood analysis, though, Hirt er a/ (1999) found that
strong bootstrap support for deep relationships (amongst basal eukaryotic lineages) depended upon
the inclusion of invariable sites in the alignment and was greatly reduced without them. These
authors also found that by using methods which account for base composition heterogeneity between
sequences and for site-by-site substitution rate heterogeneity, phylogenetic analyses of sequences
for regions A-G of RPBI yielded more conclusive results than did similar analyses of EF-1a and
EF-2 sequences, which were more strongly aftected by heterogeneous base composition and
substitution rates.

The work of Stiller and Hall (1997. 1998), Stiller er al (1998) and Hirt et a/ (1999) further
demonstrates several key issues about the use of RPB1 for studying evolutionary relationships. The
analyses of regions A-G and A-H gave similar results, with relationships that were better resolved
than the analyses of regions D-F shown in figures 17 and 18. These papers also demonstrate that
the use of phylogenetic methods which account for base composition heterogeneity between
sequences and for substitution rate heterogeneity within sequences when comparing RPBI
sequences of distantly related organisms provides a more robust estimate of their evolutionary

relationships than can otherwise be obtained. These key points suggest that the use of longer (A-H)
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RPBI sequences, analysed using the methods of Hirt er al (1999) would be more useful for inferring

the evolutionary relationships of land plants.

Conclusions:

Although a single and congruent phylogeny of land plants was not be found here due to the
narrow representation of taxa in this analysis and the truncated and conserved sequences, it is likely
that the phylogenies presented here using the maximum likelihood methods (figures 12 and 13) are
the most accurate. Analysis of longer RPB1 sequences from a more broad range of taxa, taking site-
to-site as well as taxon-to-taxon substitution rate heterogeneity into account, will be needed to
further establish the usefulness of RPB1 for studying the evolutionary relationships of land plants.
This should include more vascular plants, additional angiosperm and gymnosperm taxa, and a more
closely related outgroup or outgroups. Regions A-D of RPBI should also be included in such an
analysis, because this region is less conserved than the D-F region and should provide additional
informative nonsynonymous substitutions. Although domains D-F of RPB1 are too short to provide
enough information to resolve the evolutionary relationships of the major groups of land plants, the
non-synonymous substitution rate of 2 x 10"'° nonysnonymous substitutions per site per year (Figure
23 and Tables 9-12) and paucity of multiple substitutions at non-synonymous sites (Table 7)
indicates that RPB1 could be a good phylogenetic marker to resolve the evolutionary relationships

of land plants.
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Appendix 5: Results of this study of regions D-F of RPB1 in plants compared with the most
recently published studies, which were based upon larger datasets and found that Nymphaea, a
herbaceous dicot, was amongst the earliest extant angiosperms.

Spirogyra {Outgroup)
99,96 100, 199) . iraucaria heterophyila Gymnosperm
Ephedra viridis Gnetales
y76.¢
99 Cycas revoluia
(98, 98; 8990 Gymnosperms
Ginkgo biloba ’ P
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PROTDIST 59
DNAPARS Nymphaea odorata
PROTPARS 68 . . Angiosperms
" Magnolia soulangeana Dicots

55

Substitutions/site

Arabidopsis thaliana

A maximum-likelihood phylogenetic tree of the 278-position amino acid sequence alignment of plant RPBI

sequences, inferred using the JTT model of substitution. The y parameter o = 1.01, and the fraction of invariable sites

=0.41.
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Parsimony (PAUP®) analysis inferred from a 8733 bp
alignment of nuclear 18S rRNA, mtarp/ & matR. cp
atpB & rbel from 105 taxa.
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Adapted from Parkinson er al (1999) Current Biology 9:1485-8.
ML analysis of 6564 bp alignment of mt (SSU rDNA, cox/,
rps2), cp rbcL and nuclear SSU rDNA from 51 taxa inferred
with fastDNAmI, PUZZLE & PAUP® with 4 y-distributed rates,
accounting for rate heterogeneity
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from 567 taxa.

Magnolia

QOther dicots

Monocots

Australobaileys

l_" Nymphaea

Ambarella

i

Adapted from Mathews & Donoghue (1999) Science
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