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Abstract

This work is a union of molecular biology and evolutionary biology in addressing
questions regarding the evolution of organisms and their genes. This project focuses on
major groups of seed plants (angiosperms, and four gymnosperms groups: conifers,
cycads, Ginkgo and Gnetales). These organisms diverged roughly three hundred million
years ago and evolved independently since then. Therefore, morphological characters
have limited power in resolving their phylogeny. With the advancement of molecular
methods, sequences of genes have been widely used in addressing evolutionary
relationships. Plant molecular phylogenies have been traditionally done using chloroplast
gene rbcL and nuclear rRNA genes. While these molecular markers revolutionized plant
systematics, they do not contain enough phylogenetic information to resolve the
phylogeny of seed plants.

T used normalized splits, as a measure from spectral analysis, in examining data
sets and identifying genes and sites within genes that are more reliable for building
phylogenies and combining data sets. I used the genes encoding the largest subunit of
RNA polymerase I, I and IIl (rpal, rpbl and rpcl, respectively) as a new line of
evidence from the nuclear genome to address seed plant phylogeny. These protein-coding
genes refute the Anthophyte hypothesis (which relates Gnetales and angiosperms) and
support the Gnepines hypothesis (which places Gnetales within conifers as a sister group
to Pinaceae).

I also examined other available data sets from chloroplast, mitochondrial and 18S

rRNA genes. A combined data set of RNA polymerases and seven other genes strongly



support the Gnepines hypothesis. Other branches of seed plant phylogeny are also well
supprted using this data set. Angiosperms and gymnosperms form monophyletic groups,
cycads are at the base of gymnosperms, followed by Ginkgo and a branch leading to
conifers and Gnetales.

I also studied the rate and pattern of molecular evolution of rpal, rpbl and rpcl
genes. A gene phylogeny of these genes strongly support that they share a common
ancestor and that rpb/ and rpcl are closer to one another than either are to rpa/. The
pattern of functional constraint in these genes clearly follows known structural properties
of the RNA polymerases. Evolutionary rate analyses show that rpal evolves more rapidly
at non-synonymous sites and at the amino acid level, followed by rpcl and rpbi.
Interestingly, the evolutionary rate of these genes (and the proteins they encode) is
positively related to the amount of concerted evolution in the genes transcribed by each
RNA polymerase. This suggests a possible impact of concerted evolution (generated by

recombination) on the molecular evolution of the largest subunit of RNA polymerases.



Cette thése cherche & répondre a des questions évolutives a l'aide d'outils
développés dans les domaines de la biologie moléculaire et de I'évolution moléculaire. En
particulier, elle vise I'é¢tude de I'évolution des cinq groupes majeurs de plantes a graines:
les angiospermes et les quatre groupes de gymnospermes (les coniféres, les cycadales,
Ginkgo et les gnétacées). Ces groupes ont eu leur dernier ancétre commun il y a environ
300 millions d'années, date a partir de laquelle ils ont évolués de fagon indépendante. Par
conséquent, les caracteres morphologiques ne sont que de peu d'utilité pour étudier leurs
relations évolutives. Par contre, les progrés récents au niveau des outils de biologie
moléculaire et d'évolution moléculaire nous permettent maintenant d'étudier les relations
évolutives des especes a l'aide de séquences de génes. Les phylogénies moléculaires des
plantes sont le plus souvent reconstruites & l'aide des génes chloroplastiques codant pour
le rbcL et les génes nucléaires codant pour I'ARN ribosomal 18S. Quoique ces génes
aient révolutionné la systématique des plantes, ils ne contiennent pas assez d'information
phylogénétique pour pouvoir établir les relations évolutives des cing groupes majeurs de
plantes & graines.

Jai utilisé des divisions normalisées, une mesure d'analyse spectrale, pour
examiner et identifier les génes ainsi que les sites des génes qui sont le plus appropriés &
la reconstruction d'arbres phylogénétiques. J'ai utilisé€ les génes codant pour la plus grosse
sous-unité des génes codant pour les ARN polymérases I, II et III (nommés les génes
rpal, rpbl et rpcl, respectivement) comme de nouvelles séquences de génes nucléaires

codant des protéines pour étudier les relations évolutives des cing groupes majeurs de



plantes & graines. Les analyses des séquences de ces génes ne supportent pas 'hypothése
des Anthophytes (qui suppose une relation évolutive récente entre les gnétacées et les
angiospermes) mais supporte I'hypothése des Gnépines (qui suppose une relation
évolutive récente entre les gnétacées et les pins).

J'ai aussi analysé les séquences de plusieurs génes chloroplastiques,
mitochondriaux ainsi que celles codant pour I'ARN ribosomal 18S. Les séquences
combinées des génes codant pour la plus grosse sous-unité des ARN polymérases I, Il et
I1I ainsi que sept autres genes supporte 'hypothese des Gnépines. Les autres branches de
cette phylogénie sont aussi fortement supportées. Les angiospermes et les gymnospermes
y sont des groupes monophylétique, les cycadales sont retrouvées a la base des
gymnospermes, suivies par Ginkgo et une branche menant aux coniféres et aux gnétacées

J'ai aussi étudié les taux et types de changements des génes codant pour la plus
grosse sous-unité des ARN polymérases I, II et III. La phylogénie de ces genes démontre
clairement que les génes rpbl et rpcl ont une origine commune plus récente que celle du
géne rpal. Les contraintes fonctionnelles de ces génes sont clairement corrélées avec les
propriétés structurelles des protéines codées par ces génes. L'analyse des taux d'évolution
de ces génes démontre que les substitutions nonsynonymes s'accumulent plus rapidement
dans rpal, 3 un taux plus bas dans 7pc! et a un taux encore plus bas dans #pb/. L'ordre
des taux d'évolution de ces génes est positivement corrélé avec la quantité d'évolution
concertée observé dans ces génes. Cette observation suggére que les mécanismes
responsables de I'évolution concertée influencent aussi le taux d'évolution des genes

codant pour la plus grosse sous-unité des ARN polymérases I, II et IIL.



reneral Introduction

Diversity and importance of seed plants

Although many seed plant groups are known from the fossil record, only five
groups of seed plants survived to the present: angiosperms (with seeds in an ovary) and
four gymnosperm groups (with seeds that are not protected by an ovary): conifers,
cycads, ginkgo, and Gnetales.

Angiosperms (flowering plants) are the dominant group of plants in most
terrestrial habitats. With about 250,000 species they include most of the agriculturally
important plants. Conifers (e.g., pine, spruce, larch) are in general needie-leaved,
evergreen woody trees and shrubs. With 550 species, they make up the dominant trees in
cold forests of Northern Hemisphere and higher latitudes. They are the most
economically important group of gymnosperms because they are a major source of wood
and resin. Cycads are tropical plants with a single thick stem and large leathery
compound leaves. With 150 species they are mainly well known as ornamentals (e.g.,

Cycas). Ginkgo with a single species, Ginkgo biloba from China, is a tree with fan



shaped leaves. It is well known as an herbal supplement. Gnetales with 70 species are the
least familiar group of seed plants. They include three genera: Ephedra, a green-twigged
shrub of Western Hemisphere and Burasian semi-deserts, famous as the source of the
medicine pseudoephedrine; Gretum a tropical tree or vine; and Welwitschia, with only
one species found only in the Namib desert of Southern Africa. This species has only two

leaves that grow from the base and get shredded lengthwise by the winds.

Early classifications

Evolutionary relationships of seed plants have long been a matter of debate and
controversial theories. Perhaps the most famous saying about this issue is by Charles
Darwin who called the emergence and relationships of flowering plants an “abominable
mystery” and a “perplexing phenomenon” (Darwin 1903).

Seed plants radiated rapidly very long ago. They appeared in the late Devonian,
about 370 million years ago, and at least three of the five groups diverged 290-320
million years ago, within the late Carboniferous (Kenrick and Crane 1997).

The relationships of Gnetales and the origin of angiosperms are the two major
issues in the seed plant phylogeny. These questions have been closely tied together in
early theories. The Englerian theory (Wettstein 1907) proposed that Gnetales are the
sister group of angiosperms. This theory was based on morphological similarities
between Gentales and Amentiferae (a group of angiosperms that were considered most
primitive by the Englerian theory). The simple flowers of the wind-polinated Amentiferae

(unisexual, lacking sepals and petals, having either stamens or carpels) were considered



homologous with the compound flower-like strobili of Gnetales (Doyle 1998a). This
view lost its credibility when Magnoliidae (with complex, bisexual flowers) were
proposed, based on wood anatomy and pollen structure, as the earliest flowering plants.
Another theory was that of Arber and Parkin (1907; 1908), which also associated
Gnetales with angiosperms. This theory, however, related the angiosperms and Gnetales
with the extinct Mesozoic Bennettitales (with large, often bisexual flowers) implying that
the flowers of Gnetales are reduced rather than primitive. Later ideas were centered
around the differences of angiosperms and Gnetales and were against grouping them
together. For example, Bailey used the differences in origin of vessels to separate
angiosperms and Gnetales (Bailey 1944) and xylem features to further relate them with
conifers and Ginkgo (Bailey 1953). Another view suggested that Gnetqles are diphyletic
(Eames 1952) and separated Ephedra from Gnetum and Welwitschia. Several authors
later investigated homologies of angiosperm organs with fossil groups such as Cayronia

and Glossopterids (Gaussen 1946; Stebbins 1974; Doyle 1978).

Cladistic analyses of morphological data (the Anthophyte hypothesis)

By the mid 1980s a new picture of seed plant phylogeny emerged. Crane (1985)
and Doyle and Donoghue (1986; 1992) analyzed all available morphological characters
using the principle of parsimony. Theses studies grouped Gnetales and angiosperms with
two fossil groups Bennettitales and Pentoxylales. This new grouping was called
anthophytes because their common ancestor would have had flower-like structures. Other

morphological studies also confirmed the anthophyte grouping (Loconte and Stevenson
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1990; Nixon et al. 1994). However, detailed groupings were different between different
morphological analyses. For example Crane (1985) directly related Gnetales and
angiosperms but Doyle and Donoghue (1992) placed angiosperms basal in the
anthophytes.

The anthophyte grouping is based on the similarity in overall organization of
reproductive structures. To be exact, there are a number of similar characteristics between
these groups: double fertilization (both sperms produced by the male gametophyte fuse
with nuclei in the female gametophyte); tunica formation in apical meristem; lignin
chemistry; pollen wall structure; lack of archegonia; and conductive vessel-like xylem
elements (Doyle 1998b). Although it is controversial which of these characters are real

synapomorphies, double fertilization is the most commonly accepted one (Doyle 1998b).

Introduction of molecular phylogenetics (early studies)

Molecular phylogenetic studies of plants, which started more than a decade ago,
have revolutionized the field of plant systematics. Several genes, mostly from the
chloroplast genome, have been sequenced and used in molecular phylogenies of plants.
However, the rbcL (large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase)
chloroplast gene and the 18S rRNA nuclear ribosomal gene are the most extensively used
molecular markers in plant phylogeny. These two genes were chosen mainly because
they were easy to sequence.

Using rbcL, Chase et al. (1993) analyzed 499 taxa in an extensive study (with the

collaboration of 38 authors). This analysis, in which cycads were used as outgroups,
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suggested that both Gnetales and angiosperms are monophyletic sister groups and the
aquatic plant Ceratophyilum is at the base of angiosperms. Another analysis of rbcl
(Hasebe et al. 1992) with fewer taxa and using translated amino acid sequences and ferns
as outgroups confirmed that both Gnetales and angiosperms are monophyletic but
contrary to Chase et al. (Chase et al. 1993) this rbcL analysis placed Gnetales with
gymnosperms.

Further analyses based on 18S rRNA genes concluded that both angiosperms and
Gnetales were monophyletic but the relationship between them was not strongly
established (Hamby and Zimmer 1992; Doyle, Donoghue, and Zimmer 1994). Hamby
and Zimmer’s (1992) study, which used 60 taxa rooted with fern species (Psilotum and
Equisetum), did not group angiosperms and Gnetales in maximum parsimony analyses
but grouped them in neighbor-joining analyses. The study of Doyle, Donoghue, and
Zimmer (1994) also reached different groupings based on the number of taxa and the
rooting used. Another study using 18S rRNA grouped Gnetales with conifers (Chaw et al.
1997).

Studies using other, less extensive, sequence data sets including 28S rRNA
(Stefanovic et al. 1998), chloroplast ITS (Goremykin et al. 1996) and mitochondrial cox/
(Bowe and dePamphilis 1997) did not group angiosperms and Gnetales. In fact, cox/ and
ITS sequences supported the grouping of Gnetales and conifers.

The above mentioned molecular studies raised serious doubts about the
Anthophyte hypothesis but their results were inconclusive because they had low
statistical support and lacked congruence among different genes and methods of analysis

(Donoghue and Doyle 2000). Most of these analyses were based on the parsimony
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criterion, which is known to falsely group the long branches of a tree (Felsenstein 1978).
In fact, some of the above mentioned studies reported different groupings when different

taxa were used as outgroups (Doyle, Donoghue, and Zimmer 1994).

New line of molecular phylogenies and the rejection of Anthophyte

hypothesis

A number of molecular phylogenetic studies, starting in late 1999, have offered a
new picture of seed plant phylogeny (all within the lifetime of this PhD project). By using
larger combined sequence data sets, and by applying more rigorous and advanced
phylogenetic methods, these new studies addressed the weaknesses of early molecular
phylogenies. They refuted the Anthophyte hypothesis, proposed new groupings and
resolved several branches. In this section I review these studies (in a chronological order)
and their results, focusing on points of agreements and conflicts. Hansen et al. (1999)
combined a long sequence of chloroplast DNA (containing protein coding genes, tRNA
and ribosomal RNA genes) and nuclear 18S rRNA in a six taxon tree. They only used
first and second codon positions of protein coding genes in order to eliminate the effect
of saturation of third codon positions. They reached a single topology and high bootstrap
support using three methods (maximum parsimony, maximum likelihood and neighbor
joining). The major results of their study were the refutation of the Anthophyte
hypothesis and the grouping of Gnetum with Pinus instead of angiosperms. Although this

was the first molecular study that firmly refuted the Anthophyte hypothesis, a major
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drawback of this study is their limited number of taxa (only Gnetum as a representative of
Gnetales, and only Pinus as the other gymnosperm taxa).

Winter et al. (1999) used nuclear MADS box genes. These genes encode
transcription factors which have a role in regulating development (Theissen, Kim, and
Saedler 1996). The phylogenetic tree for the translated amino acid sequences of five
MADS box genes, reconstructed using the neighbor joining method, refuted the
Anthophyte hypothesis. All five genes in this tree supported the grouping of Gretum (the
only representative of Gnetales in this tree) and conifers. Furthermore, three of these
genes gave high bootstrap support (e.g., 100% or 98%) to this grouping. This analysis,
however, could not resolve the relationships of seed plants because it did not include the
two other seed plant groups (cycads and Ginkgo).

The most recent hypothesis in seed plant phylogeny was proposed by Chaw et al.
(2000) and supported by Bowe et al. (2000) (both published in the same issue of Proc.
Natl. Acad. Sci. USA) exclusively based on molecular markers. This hypothesis, called
the Gnepines hypothesis, places the Gnetales as the sister group of Pinaceae within
conifers. Chaw et al. (2000) used mitochondrial small subunit rRNA genes (mtSSU
rRNA) and nuclear small subunit rRNA genes (nuSSU rRNA) in combination with rbcL
genes for all groups of seed plants. Their mtSSU rRNA dataset supported the grouping of
Gnetales and Pinaceae in maximum likelihood and maximum parsimony methods with
high bootstrap support (98% and 97% respectively). nuSSU rRNA, however, did not
support the Gnepines grouping. This data set grouped the Gnetales as a sister group to all
conifers. The statistical support for this grouping was high as well (bootstrap support of

91% and 90% for maximum likelihood and maximum parsimony, respectively). The rbcL
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data set showed three different positions for Gnetales based on the choice of character set
or method of analysis (i.e., all codon positions, rate variation among sites, and excluding
transitions of third base of codons). The Gnepines grouping was only supported in rbcl
trees when transitions of third codon positions were excluded from the analysis, and this
grouping was supported by average bootstrap values (68% and 64% in maximum
likelihood and maximum parsimony, respectively). Chaw et al. (2000) also analyzed a
combined data set of the above mentioned genes and the result was in favor of the
Gnepines grouping using both maximum likelihood and maximum parsimony (bootstrap
support of 100% and 87% for maximum likelihood and maximum parsimony,
respectively). Bowe, Coat, and dePamphilis (2000) also used two mitochondrial genes,
coxl and atpA, together with known sequences of rbel and 18S rRNA in a data set
containing all groups of seed plants. Their maximum likelihood, maximum parsimony
and neighbor joining trees supported the Gnepines hypothesis. However, the nodes
connecting Gnetales and Pinaceae were not supported by high bootstrap support (i.e.,
>85%) in all of their trees.

The Gnepines hypothesis raised a lot of criticism in plant systematics community
(Donoghue and Doyle 2000) and has been tested and challenged by recent phylogenetic
studies (Sanderson et al. 2000; Rydin, Kéllersj6, and Friis 2002; Schmidt and Schneider-
Poetsch 2002; Soltis, Soltis, and Zanis 2002). However, none of these studies, could
resolve the position of Gnetales. Rydin, Killersjo, and Friis’s (2002) study, which
rejected the Gnepines hypothesis, was based on a parsimony analysis of rbcL, atpB, 18S
and 26S rRINA genes. This work is interesting since it argued that third codon positions

of chloroplast genes contain most of the phylogenetic information and should be used in
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the phylogeny. They also suggested that there is a conflict between transitions and
transversions within each codon position. However, Rydin, Kéllersio, and Friis (2002)
did not reach a definitive conclusion about the position of Gnetales. Their trees rejected
the Gnepines hypothesis and placed Gnetales either as the sister group to all other seed
plants or to angiosperms (based on the position of the root). In contrast to Rydin,
Killersjo, and Friis (2002), the study of Soiltis, Soltis, and Zanis (2002) generally
supported the Gnepines hypothesis. These authors used eight genes in maximum
likelihood, maximum parsimony and Bayesian phylogenetic methods. They obtained
different topologies based on the choice of data set or the method of analysis.
Interestingly, this study suggested that most of the discrepancies in seed plant

phylogenies involve the third codon positions of chloroplast genes. In an analysis of

nuclear encoded phytochrome genes, Schmidt and Schneider-Poetsch (2002), rejected the

Gnepines hypothesis, but did not reach a conclusion on the position of Gnetales.
The Gnepines hypothesis was also challenged by structural evidence from the

chloroplast genome. In land plants, the chloroplast genome has a conserved structure

which contains two copies of an inverted repeat about 10-25 kbp long (Palmer and Stein

1986). However, all conifers have only one copy of this inverted repeat whereas two

copies are present in the chloroplast genome of Gnetales (Raubeson and Jansen 1992). If

the Gnepines hypothesis is correct then either Pinaceae and all other conifers lost one
copy of the inverted repeat (but not the Gnetales) or the second inverted repeat was

regained in Gnetales after their divergence from Pinaceae.
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Chapter four addresses the phylogeny of seed plants and the position of Gnetales.
I used RNA polymerase genes and seven other genes and a combination of different

meolecular phylogenetic methods to reconstruct the phylogeny of seed plant.
Phylogenetic studies on the origin of Angiosperms

Based on various characteristics, several plant groups have been proposed as
being the most primitive of the angiosperms. The most important ones include:
Magnoliales (Donoghue and Doyle 1989), Calycanthales (Cronquist’s subclass
Magnoliidae) and water lilies (Loconte 1996). Early molecular studies, based on rbcL and
18S rRNA genes, were helpful in resolving the major groups of angiosperms, but they
were inconclusive and lacked high statistical support (Kuzzof and Gasser 2000).
However, in 1999 five molecular multigene studies reported a new consensus for the
branching order of early angiosperms (Matthews and Donoghue 1999; Parkinson, Adams,
and Palmer 1999; Qiu et al. 1999; Soltis, Soltis, and Chase 1999; Graham and Olmstead
2000). These studies employed more advanced phylogenetic methods to analyze
sequences of genes from chloroplast, mitochondria and nucleus for up to 560 species.
They all supported Amborelia, a shrub from New Caledonia, as being the single sister
taxon to all other angiosperms. Following Amborella, Nymphaeales (water lilies), and the
ITA clade (Illiciacae, Schisandraceae, Trimeniaceae and Austrobaileyaceae) were
supported as sister to the other angiosperms. This grouping of five early branching extant
angiosperm taxa was called the ANITA clade (Qiu et al. 1999). However, a study by
Barkman et al. (2000) suggested that a branch consists of Amborelia + Nymphacales

should be considered the sister group to all other angiosperms. More recent molecular
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phylogenetic analyses further confirmed the position of Amborella as the sister group to
all other angiosperms (Qiu et al. 2001; Zanis et al. 2002). I have touched on this issue in
chapter three. Using a property of the spectral analysis (see below) I study the effect of

misleading data partitions on an exemplar phylogeny of the basal angiosperms.

Organization and structure of RNA polymerases

RNA polymerase (RNAP) is the enzyme responsible for transcribing genes to
RNA in all cells. In bacterial and archaeal cells, a single RNAP produces all RNA types,
whereas in eukaryotes there are three nuclear RNAPs responsible for transcribing
different genes: RNAP I transcribes rRNA genes; RNAP II transcribes pre-messenger
RNA (protein-coding genes); and RNAP III transcribes tRNA, 5S RNA and small RNA
genes (Archambaﬁlt and Priesen 1993). RNAPs are complex multi-subunit enzymes (up
to 0.6 MDa). Table 1 compares the subunits of RNAPs. Each RNAP consists of a
homologous core structure containing five subunits: largest subunit (RPA1, RPB1 and
RPC1 in RNAP 1, II and III respectively; and B' in prokaryotic RNAP) and second largest
subunit (RPA2, RPB2 and RPC2 in RNAP [, II and III respectively and B in prokaryotic
RNAP) form the central mass of the enzyme. The third and fourth core subunits (AC40
and AC19 in RNAP I and ITI, RPB3 and RPB11 in RNAP II, and @ and «' in prokaryotes)
are involved in RNAP assembly and the fifth core subunit (RPB6 common in RNAP [, II
and III and, ® in prokaryotes) stabilizes the large subunits (Cramer 2002). The core

contains functional elements of the enzyme, including the active site, which is in the
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largest subunit of the enzyme. A series of recent studies have helped in resolving the
structure of the bacterial RNAP (in Thermus aguaticus) as well as eukaryotic RNAP 11
(in the yeast species Sacchromyces cerevisiaea) with high resolution (Fu et al. 1999;
Zhang et al. 1999; Cramer et al. 2000; Campbell et al. 2001; Cramer, Bushnell, and
Kornberg 2001; Gnatt et al. 2001). These studies have shown that there is even a higher
degree of similarity, beyond the primary sequence, in the structural properties of
prokaryotic and eukaryotic RNAPs. This suggests a similar mechanism for the action of
all RNAPs (Ebright 2000).

The largest subunit of RNAPs are approximately 1500-1700 amino acids long and
share 8 conserved regions (A-H). Figure 1 shows a schematic diagram of the largest
subunit with conserved blocks A-H (information retrieved from Cramer, Bushnell, and
Kornberg 2001). The three metal binding aspartate (D) amino acids (shown in red color
in Figure 1) in the invariant string “NADFDGD” form the active site of the enzyme

(Cramer, Bushnell, and Korberg 2001).

Molecular evolution of the genes encoding the largest subunit of RNAPs

Genes encoding the largest subunit of nuclear RNAPs in eukaryotes evolved
through duplications from an ancestral gene after the divergence of prokaryotes and
eukaryotes (Iwabe et al. 1991). There are mixed views on the evolutionary relationships
of three eukaryotic RNAPs and the prokaryotic ones. Memet et al. (1988) showed that
genes encoding the largest subunits of three RNAPs in eukaryotes share a common

ancestor and that 7pb/ and rpcl are closer. Iwabe et al. (1991) refuted this view and
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suggested that although these genes share a common ancestor, rpal is closer to rpbl. A
more recent study by Klenk et al. (1995) did not reach a consensus on the branching
order of these genes, but generally supported the closeness of rpbl and rpcl. However,
these studies were done with a limited number of genes, especially rpc/ and rpal. As for
the rate of evolution, Iwabe et al. (1991) suggested that rpa/ evolves faster than rpb/ and
rpcl. In chapter five I reconstructed the phylogenetic relationships of rpal, rpbl and
rpcl, and studied the evolutionary rate and the pattern of functional constraint of these

genes.

Utility of RNA polymerases as phylogenetic markers

RNA polymerases have been used in several phylogenetic studies. Originally they
were used, as an alternative to the popular rRNA molecules, to address the early
branching pattern of eukaryotes, bacteria and archaea (Zillig et al. 1989; Iwabe et al.
1991; Klenk, Palm, and Zillig 1994; Sidow and Thomas 1994). Other phylogenetic
studies using RNAPs include a wide range of organisms, for example: protists (Klenk et
al. 1995; Hirt et al. 1999; Dacks et al. 2002); fungi (Liu, Whelen, and Hall 1999); plants
(Denton, McConaughy, and Hall 1998; Oxelman and Bremer 2000); arthropods (Shuliz
and Regier 2000). Recently, our lab has shown that 7pb/ is a useful phylogenetic marker
for plants (Nickerson and Drouin in press).

The utility of a gene in organism phylogeny is usually assessed by factors such as

accessibility through molecular methods (e.g., PCR cloning), having evolved through
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speciation (being orthologues; to reflect an accurate estimate of the phylogeny of
species), containing enough phylogenetic informative sites for a certain divergence level
to reconstruct a fully resolved and statistically sound phylogeny (for example a highly
conserved gene is not able to discriminate among closely related species), being less
prone to phenomena which influence the evolutionary history of genes (e.g., gene
conversion). However, no objective, clear-cut criteria exist for choosing genes for
phylogenetic analysis of a set of taxa. Genes encoding the largest subunit of RNA
polymerases possess the above qualities for a variety of divergence levels and were even
proposed as potential universal phylogenetic markers ( Nickerson and Drouin in press;
Klenk, Palm, and Zillig 1994).

In recent years, with the advancement of sequencing technology and phylogenetic
methods, phylogenetic problems are mostly being addressed using a multigene approach
(e.g., Qiu et al. 1999; Soltis, Soltis, and Chase 1999). A single gene usually does not
contain enough phylogenetic signal to fully resolve a tree, and the result from a single
gene is not considered very reliable (low statistical support, sampling error). It is also
important to obtain evidence for a phylogeny from different genomic compartments.
Plant molecular phylogeny (as was mentioned earlier) has been mostly done using
chloroplast and rRINA genes. As a new line of evidence from protein-coding nuclear
genes, I have used sequences of rpal, rpbl and rpcl to address seed plant phylogeny. I
also compared and combined these genes with other available genes (from chloroplast,
mitochondria and nuclear ribosomal gene 18S rRNA). Although rpb1 has been used in
several phylogenetic studies, the sequences of rpal and rpc! are being used as

phylogenetic markers for the first time.
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Evolution of Molecular Phylogenetics

Molecular phylogenetics is the use of molecular sequence (DNA, amino acids)
information to reconstruct the evolutionary relationships of the molecules. This
relationship can be a reflection of the evolutionary history of the organisms carrying the
molecules (when the genes are orthologous, meaning that they have passed to each
lineage as a result of speciation). Therefore, molecular phylogenies have been widely
used to clarify the evolutionary history of different organisms. This field has progressed a
lot in recent years due to a paraliel progress of DNA sequencing technology, computer
science, mathematical biology and molecular evolutionary biology. In fact, the number of
publications reporting molecular phylogenies has been increasing exponentially since
1981 (Pagel 1999). There are several books and review articles on how to build
phylogenetic trees (i.e., Hillis, Moritz, and Mable 1996; Page and Holmes 1998; Graur
and Li 2000; Nei and Kumar 2000), here I only briefly introduce major approaches that I

have used in this work.

Maximum Parsimony

Since its introduction, by Edwards and Cavalli-Sforza, 40 years ago (Edwards and
Cavalli-Sforza 1963), maximum parsimony (MP) has been the most widely used method
for building phylogenetic trees. This method is based on the principle of parsimony, a
minimalist principle sometimes also referred to as Ockham's razor. It states that simpler
explanations (requiring fewer assumptions) are preferred over more complex, ad hoc
ones. In a molecular phylogenetic context, this method works by seeking the tree that

requires the fewest number of changes along the sites of aligned sequences. This tree is
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considered the most parsimonious or the simplest (optimal) description of the data. The
simplicity of MP made it a popular method in building phylogenetic trees. However, MP
works under the condition that sequences have not undergone (or minimally undergone)
multiple substitutions. This condition is not true for most real sequences. Felsenstein’s
classic and much-cited paper (Felsenstein 1978) showed that when there are multiple
substitutions in a site, MP fails to choose the right tree. This problem is also widely
known as long branch attraction, meaning that species that have undergone a large
number of substitutions (long branches) are often grouped together, despite their different

evolutionary histories (Felsenstein 1978).

Maximum Likelihood

The maximum likelihood (ML) approach in building phylogenies is the leading
alternative to MP. ML is based on the concept of likelihood of a hypothesis. The
likelihood of the hypothesis /, given data D and a specific model, is proportional to P(D |
H), the conditional probability of observing D given that H is correct (Edwards 1972). In
a molecular phylogenetic context D is usually the set of sequences being compared and H
is a phylogenetic tree. The model is usually a stochastic process for substitutions.
However, to calculate the likelihood of a tree, there are other parameters (regarding the
evolution of D) that we need to either specify or place some prior distributions on them
(Steel and Penny 2000). Well known examples of these parameters include parameters
associated with the substitution matrix (e.g., transition/transversion bias), and parameters
that describe how rates vary across sites (e.g., gamma distribution), and base composition.

These parameters typically are either selected to maximize the likelihood or estimated
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directly from the data. Although ML is often considered the superior method for building
phylogenies, there are some concemns regarding the validity of the stochastic model used

and the computational complexity of ML (Steel and Penny 2000).
Spectral Analysis

Spectral analysis (Hendy and Penny 1993) is a method for exploring signals
(patterns) in the sequence data independent of building a phylogenetic tree. This method
is based on the concept of splits (bipartitions), which means ways to group the sequences
(taxa) in two groups. For n sequences (taxa) there are 20D splits. For example, there are
8 splits for a set of 4 taxa. One of these splits groups all four sequences together and three
of these splits only separate a single taxa from others, therefore these are not useful for
phylogenetic inference. The remaining four splits can resolve groupings for a fully
bifurcating tree of 4 taxa. Ideally, sites of a gene (alignment) should all support the same
splits. However, this is usually not the case and we often find contradictory signals in the
spectrum of a gene. One reason for this contradictory result is the multiple substitutions
in a site. To minimize this effect, Hendy and Penny (1993) introduced a mathematical
transformation of the data, called Hadamard conjugation, that can correct for the

unobserved multiple substitutions.

In a spectral analysis framework, a data set with a strong phylogenetic signal
produces the minimum number of splits that are necessary for fully resolving a tree for a
finite number of taxa (ideally i-2 splits are necessary to resolve a fully bifurcating tree for
t taxa). Therefore, the number of splits produced by a dataset divided by the length of the

alignment can be used to estimate the amount of random noise in a set of aligned
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sequences (Lento et al. 1995). I used this normalized splits (NS) as a measure to cvaluate
the noise contained in genes and gene partitions. This work is detailed in chapter three
and is also used for evaluating 10 genes and their partitions in seed plants phylogeny

(chapter four).

Spectral analysis has been used to evaluate the signal for specific phylogenetic
hypotheses, represented by a split (Lento et al. 1995; Lockhart, Penny, and Meyer 1995).
With this méthod one can obtain frequency of support for different groupings in a data
set. The numerical value for frequency of support is calculated by dividing the sum of
occurrences for a split by the total number of sites in the alignment (Lento et al. 1995).
Conventional tree building methods, however, usually produce a single tree as the final
result. Spectral analysis allows us to explore the signals that might not be shown in a
phylogenetic tree. I have used this approach in evaluating the relative position of

Gnetales to conifers in chapter four.

Distance methods

Another major category of phylogeny reconstruction methods are distance-based
methods (e.g. Neighbor-joining). These methods are based on calculating distances using
a model of substitution. Distance based methods are usually faster than other methods
(e.g. ML) and are used for resolving trees with large number of taxa, where computation
time is an important factor. However, in this work [ have used ML and MP instead of
distance-based methods. ML is considered more robust than distance-based methods and

MP has been often used in plant phylogenetics.
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Table 1. Comparison of the subunits of RNA polymerases

Eukaryotes
RNAPI RNAPII RNAPIII Archaea Bacteria Class
RPA1 RPB1 RPC1 A+A" g Core
RPA2 RPB2 RPC2 B(B4+B" B Core
AC40 RPB3 AC40 D o Core
ACI19 RPBI11 AC19 L o Core
RPB6 RPB6 RPB6 K ® Core/common
RPBS5 RPBS5 RPBS5 H - Common
RPBS RPB8 RPBS - - Common
RPB10 RPB10 RPB10 N - Commeon
RPBi12 RPBi2 RPBi2 P - Common
Al12.2 RPB9 Cl1 X -
Al4 RPB4 - F -
A43 RPB7 C25 E -
+two others - +four others  +one other -

Note: Core, sequence partially homologous in all RNAPs; common, shared by all
eukaryotic RNAPs. The information in this table is retrieved from Table 1 of Cramer

(2002).



Figure 1. A schematic diagram of the largest subunit of RNAPs. The active site of the

enzyme and the regions of interaction with other subunits are shown on the picture.
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Isolation of RNA from plant species

We used RNA as the source of genetic material to ensure amplifying the
expressed copies of genes. RNA isolation was done from leaf tissue of all plant species.
Three different methodologies were used in the isolation of RNA. These methods
include: the Qiagen’s RNeasy kit (Mississauga, Ontario); a manual method by Bahloul
and Burkard (1993); and a modified protocol developed in this project. This modified
protocol (which was also tested in several angiosperm species not used in this work) is

presented in detail as a separate section at the end of this chapter.

Amplification of rpal and rpcl genes

Designing degenerate primers

I used the Polymerase Chain Reaction (PCR) with degenerate primers to amplify rpal
and rpc/ genes. In this approach, oligonucleotide primers are designed from an alignment

of translated amino acid sequences of conserved parts of the target gene in other species.
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Due to the degeneracy of the genetic code, certain positions in the translated
oligonucleotide are degenerate and the synthetic primer is in fact a mixture of several
different molecules that differ in the degenerate positions. The chance of amplifying the
desired gene(s) is higher when several genes from closely related organism(s) of interest
are available for designing the primers. However, for rpal and rpcl there were not many
sequences available when I started my project. Another concern was that the conserved
blocks of the largest subunit of rpal, rpbl and rpcl have many amino acids in common
and there was a high chance of amplifying another member of this gene family, »pbI, and
subsequent problems in identifying and separating the genes. Our goal, therefore, was to
design degenerate primers for rpal and rpcl in such a way that we could minimize the
chance of amplifying rpb!. The largest subunit of RNA polymerase I, Il and I1I is about 4
kb long. A ~1.8 kb long fragment from the active site of the enzyme in conserved region
D to the conserved region G was selected for PCR amplification (See Figure 1 in Chapter
1). This region was mainly chosen because it was the maximum size we could use to
PCR amplify and clone genes. In addition, a smaller region of rpbl, covering regions D
to F (~1.2 kb), did not provide enough phylogenetic information for plant taxa in another
study (M. Sc. thesis, Banoo Malik, 2000. University of Ottawa). I used a universal
degenerate forward primer, designed from the amino acid string PYNADFDGDEMN
(conserved in most of the RNA polymerases). The nucleotide sequence of this primer is:
5'CCITAY AAY GCI GAY ITY GAY GGI GAY GAR ATG AA 3'. I designed reverse
degenerate primers for region G using a combination of computer and manual methods.
The CODEHOP software (Rose et al. 1998) was used for finding candidate

oligonucleotides. I used a block of aligned sequences of rpa/ and rpcl as the input. There

39



were five sequences available in the GenBank for rpc! at the time of designing primers
(Genbank accession numbers are shown in parenthesis): human (014802), Giardia
lamblia (P25202), Plasmodium falciparum (A45597), Trypanosoma brucei (M27163)
and Saccharomyces cerevisiae (P04051). As for rpal, five sequences were available in
the GenBank: Drosophila melanogaster (CAAT0321), mouse (035134), rat
(NP_113960), Trypanosoma brucei (P16355), Saccharomyces cerevisiae (P10964) and
Schizosaccharomyces pombe (CAA32887). The primers designed by the CODEHOP
program were inspected manually and compared with the alignment of conserved block
G of rpal, rpbl and rpcl. To minimize co-amplifying rpb1, I chose three
oligonucleotides with a somewhat higher similarity to the #pal and rpcl sequences. One
of these primers, primer V1 (corresponding to the amino acid string TQMTLKTFHFA),
successfully amplified rpal and rpcl in PCR reactions (see below) and was used as the
reverse primer throughout this project. The sequence of this primer is: 5’GCA AAA TGA

AAA GTT TTC AGA GTC ATY TGN GT 3°

Reverse transcriptase polymerase chain reaction (RT-PCR)

Single-stranded cDNA was synthesized using Boehringer Mannheim's 1% Strand
c¢DNA Synthesis Kit following the instructions of the manufacturer. 0.5 to 0.8 pg of RNA
was used in each cDNA synthesis reaction for all plant species. Both rpa/ and rpcl were
amplified in a single PCR reaction using degenerate primers (see above for the sequences

of these primers). PCR conditions were optimized using different combination of
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primers. After my initial experiments, I found a reaction consisting of 0.5 uM of primers,
3 mM MgCl,, 2 units of Taq polymerase and 5-10 ul of the cDNA to be optimal for
amplifying rpal and rpc!. T used a simple strategy to avoid unspecific annealing. The
mixture of Taq polymerase and PCR buffer was only added to each sample containing the
rest of the reaction mix just before the thermal cycling was started. This approach
minimizes the chance of Taq polymerase starting an unspecific annealing. PCR was
started by an initial denaturing step (94°C for 5 min) and 35 cycles of denaturing (94°C
for 1 min), annealing (45°C or 50°C or 55°C for 1 min) and extension (72°C for 1 min).
A final extension of 10 min at 72°C was also performed. PCR products were separated by

electrophoresis on agarose gels.

Cloning and sequencing

PCR products of the desired size range were isolated from the gels and were
purified using the UltraClean15 kit (MOBIO Laboratories, Carlsbad, CA) according to
manufacturer’s instructions. Cloning was done using different versions of Invitrogen's
TOPO TA Cloning kit (with the PCR 2.1 vector). Table 1 shows that number of clones
obtained from each species. Plasmids were purified using Qiagen’s Miniprep kit
according to manufacturer’s instructions. The quantity and quality of plasmids were
estimated spectrophotometrically. Sequencing was performed using the Applied
Biosystem’s Big Dye Terminator Sequencing kit (several versions were used throughout
the project) following manufacturer’s instructions. Both forward and reverse strands were

sequenced using an ABI 310 Genetic Analyzer. Sequences were completed using primer
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walking with internal primers designed for each gene (See Appendix 1 for the sequences
of internal primers). Sequences were assembled using the software Sequencher (Gene

Codes Corporation, Ann Arbor, MI).

An Improved Protocol for the Isolation of R}

from Plants Containing Secondary Metabolites

Pure RNA is important to ensure the successful production of cDNA molecules
used in RT-PCR and in making cDNA libraries. Although commercial kits often allow
the isolation of RNA from common plant species, more time consuming protocols have
to be used with plant species rich in secondary metabolites (Bahloul and Burkard 1993,
Lewinshon, Steele, and Croteau 1994; Relle, Sutter, and Wild 1996; Wang, Hunter, and
Plant 2000). One of these protocols, developed by Bahloul and Burkard (1993), was
shown to perform well with spruce species rich in secondary metabolites. However, this
method did not allow us to obtain good quality RNA from the leaves of several plant
species from which we wanted to clone RNA polymerase genes using RT-PCR. Here, we
report the modifications we made to the Bahloul and Burkard (1993) protocol and show
that this improved protocol provides pure RNA from a wide variety of angiosperm and
gymnosperm species.

A commercial kit, the RNeasy plant mini kit from Qiagen (Mississuaga, Ontario),
allowed us to obtain good quality RNA from the leaves of 7 angiosperm species (Beta

vulgaris, Nicotiana tabacum, Liriodendron tulipifera, Asparagus officinalis, Pisum
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sattivum, Acorus calamus and Papaver orientalis), three gymnosperm species (Cycas
revoluta, Ephedra viridis and Zamia pumila) and one fern species (Psilotum nudum).
Although the Bahloul and Burkard (1993) method allowed us to obtain good quality
RNA from the leaves of another 5 angiosperm species (Persea americanum, Saruma
henryi, Ceratophyllum demersum, Drimys winteri and Chloranthus oldhami), we had to
modify this method to obtain good RNA from the leaves of the remaining 7 species
which contain larger amounts of secondary metabolites (the two angiosperm species
Amborella trichopoda and {llicium parviflorum, and the five gymnosperm species Taxus
canadensis, Thuja occidentalis, Pinus nigra, Gingko biloba, and Podocarpus
macrophyllus). These secondary metabolites co-precipitate with RNA and interfere with
both RNA isolation and subsequent enzymatic manipulation of these RNA molecules
(Bahloul and Burkard 1993; Relle, Sutter, and Wild 1996).

The complete step-by-step protocol is shown in Box 1. All glassware and
spatulas were autoclaved (121°C, 15 min.) and baked (200°C for 3hrs) to minimize
RNAse contamination. Plant material was frozen in liquid nitrogen and kept at -80°C.
Unlike some RNA extraction protocols that use extraction buffer with a relatively high
pH (Logemann, Schell, and Willmitzer 1987; Lewinshon, Steele, and Croteau 1994,
Relle, Sutter, and Wild 1996; Lonneborg and Jensen 2000; Wang, Hunter, and Plant
2000), the Bahloul and Burkard (1993) protocol uses an extraction buffer with a low pH
(5.5). This low pH helps to avoid the ionization and subsequent oxidation of phenolics
compounds and to precipitate non-nucleic acid materials (Guillemaut and Marechal-
Dourard 1992). It also uses PVP to precipitate polyphenols and cysteine as a safe and

efficient anti-oxidant (Bahloul and Burkard 1993).
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The main modifications we brought to this protocol is that we replaced the first
ethanol precipitation of the RNA by a "pre-precipitation” of the contaminants
(polysaccharides and secondary metabolites) using a dilute ethano! solution followed by
an isopropanol precipitation of the RNA (steps 8-11) (Lewinshon, Steele, and Croteau
1994). Other modifications include: 1) decreasing the volume of the samples to decrease
the amount of interfering secondary metabolites and to make it easier to handle and
process them, 2) shortening some steps to decrease RNA degradation and make the
protocol more time efficient and 3) adding a DNAse treatment step to ensure that the
RNA is not contaminated with DNA.

Total RNA was successfully isolated from multiple samples of all seven species
tested. The purity and yield of RNA was measured spectrophotometrically (Table 2). The
results were consistent and reproducible. In all cases a single DNase treatment sufficed to
remove all DNA contamination (see below). The concentration of RNA in each sample
was 200-2000 pg/ml (Table 2). The yield was 33.5-126 pug RNA/g tissue (Table 2),
sufficient for more than one hundred RT-PCR reactions. The difference in yields between
different species might be due to the difference in nucleic acid content in the leaves of
different plant species. We were able to make cDNA using 0.5 to 0.8 pg of RNA in each
cDNA synthesis reaction for all of the plants tested. These cDNA molecules allowed us
to amplify different RNA polymerase gene regions that were 2-3 kb long (results not
shown). This demonstrates that the RNA isolated using this protocol has a high integrity
and is not degraded. This RNA was also not contaminated with DNA molecules because
PCR amplifications of RNA samples that had not been reverse transcribed did not

amplify any products (results not shown). This result was also confirmed by the lack of
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introns in the RNA polymerase genes we sequenced. In conclusion, the modified method
presented here is simple, relatively fast, and can be used to isolate good quality RNA

from a variety of plant species rich in secondary metabolites.
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Box1. RNA isolation protocol

1) Homogenize 0.7 + 0.20 gram of frozen tissue (-80 °C) vigorously to a fine powder in
liquid nitrogen ﬁsing a mortar and pestle. Plant tissue should be always kept under liquid
nitrogen during homogenization. The powdered material is transferred to a 14 ml round
bottom sterile disposable tube (or a suitable tube for centrifugation). Let all the liquid

nitrogen evaporate. Proceed to step 2 immediately.

2) Add 5 ml of extraction buffer and homogenize by vortexing. Extraction buffer consists
of 100 mM sodium acetate, 50 mM EDTA (pH 8.0), 500 mM sodium chloride, 2% PVP
w/v (MW 20,000). The pH of this buffer is adjusted to 5.5 and SDS is then added to 1.4%

w/v. Solid Cysteine is also added to 10 mM just before use.

3) Incubate in water bath at 65 °C for 10 min with occasional shaking.

4) Centrifuge at 10,000 g at 4 °C for 10 min.

5) Collect the supernatant and add 1/3 volume of SM potassium acetate (pH 4.8). Mix

gently and incubate on ice for 30 min.
6) Centrifuge at 10,000 g at 4 °C for 10 minutes and collect the supernatant.

7) Repeat step 6.

8) Add 1/30 volume 3M sodium acetate and 10% v/v ethanol to the supernatant. Incubate

on ice for 10 minutes.
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9) Centrifuge at 5,000 g at 4 °C for 20 minutes.

10) Collect the superatant and add 1/9 v/v 3M sodium acetate and 33% v/v isopropanol.

Incubate at -20 °C for 2 hours.

11) Centrifuge at 10,000 g for 30 minutes at 4 °C.

12) Dissolve the pellet in 400 pl water, add 400 pl 4M lithium chloride and precipitate

for 2 hours (or overnight) at 4°C.

13) Collect the RNA by centrifugation at 10,000 g at 4°C for 20 min.

14) Wash the pellet twice with 0.5 ml 70% ethanol, air dry for 5 min (or until all ethanol

is evaporated), and re-dissolve in 50 pL sterile water.

15) DNAse treat the sample using 2 units of DNAse for at least 20 min (we used the

DNA-free kit sold by Ambion Inc., Austin, TX, USA).
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Table 1. Sources of plant species, voucher information and number of clones for rpal

and rpcl genes.

Plant species

Amborella trichopoda

Drimys winteri

Thuja occidentalis

Cycas revoluta

Ephedra viridis

Ginkgo biloba

Nymphaea odorata

Pinus nigra

Podocarpus macrophylius

Psifotum nudum

Taxus canadensis

Welwitschia mirabilis

Zamia muricata

Zea mays (Pioneer 3953)

Souree of specimen; Voucher (greenhouse
number)

U. C. Santa Cruz, CA, USA

U Mass Biology Department Greenhouse; Qiu
02090

Museum of Nature, Ottawa, Canada; Drouin, Xia,
Hajibabaei 2002-2

University of Ottawa Greenhouse; # 35-B
Carleton University greenhouse; located in
greenhouse # 13

Sampled from University of Ottawa campus,
Osgoode st., Ottawa, Canada

Museum of Nature, Ottawa, Canada; Drouin, Malik
1998-1

Museum of Nature, Ottawa, Canada; Drouin,
Nickerson 2000-1

University of Ottawa Greenhouse; # 111-A
University of Ottawa Greenhouse; # 90-C
Museum of Nature, Ottawa, Canada; Drouin, Xia,
Hajibabaei 2002-3

Carleton University greenhouse; located in
greenhouse # 14

Carleton University greenhouse; Iocated in
greenhouse # 13

University of Ottawa Greenhouse, Ottawa, Canada

Number of clones

rpal
4

4

N/A

N/A

rpel
N/A

1

N/A
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Table 2. Quantity and Quality Measurements of RNA Isolated from Different Plants

Plant group  Plant species Concentration Yield Absorbance ratio
(ng/ml) (g/g)  (Azso/Aso)
Angiosperm  Amborella trichopoda 280 56 2.02
Angiosperm  Illicium parviflorum 432.5 43.25 2.00
Gymnosperm  Ginkgo biloba 2050 410 1.95
Gymnosperm Pinus nigra 200 80 2.01
Gymnosperm Thuja occidentalis 335 335 1.94
Gymnosperm Taxus canadensis 1260 126 2.00
Gymnosperm Podocarpus macrophyllus 800 80 1.96
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Appendix 1. Sequence information of internal sequencing primers

Plant/Gene Ceode Sequence(5-3") Length Tm GC%

Amborella/rpal  AmbAF1 CCAGCCACCATTTACTGTGA 20 59.57 50
Amborelia/tpal  AmbAF2 TGGGCCAACAAGAGTTAGAA 20 58.35 45
Amborella/rpal  AmbAR1 CAGCCATGCAATGGAAATAA 20 59.52 40
Amborella/rpal  AmbAR2 CTGCTGCACTTGCACCATAC 20 60.48 55

Cycas/rpal CycAF1 GGACGGGAAAACAGGTCATA 20 59 50
Cycas/tpal CycAF2 - CAAAAGGTGGCTTGGTCAAC 20 65 50
Cycas/rpal CycAR1 GACATCGCTGCAAGTAACCA 20 60 50
Cycas/rpal CycARZ CAAATGACCTGCAGCATCC 19 60 52
Cycas/rpel CyCF1 GGACAGATTGGAAAGGCAAC 20 59.53 50
Cyecas/rpel CyCF2 GGCCAAGGGTTTTGTAGCA 19 61.02 52.63
Cycas/rpcl CyCR1 AGGTCCTCCAAGGCTTTCAT 20 60.07 50
Cycas/mpel CyCR2 GAGAGGCGAGTACCAGGTIG 20 59.87 60
Drimys/rpal DriAF1 AGACTGGAAGGGATCCCAAG 20 60 55
Drimys/rpal DriAF?2 TAAGCCCTTTCCGAGAAACT 20 58 45
Drimys/tpal DriAR1 GGCCATGCAATGGAAATAAT 20 59 40
Drimys/rpal DriAr2 CCATGCATCTGCAAAAACAC 20 60 45
Drimys/rpcl DriCF0S GATTTGCCAACACCAGCTTT 20 60 45
Drimys/mpcl DriCF1 GCCGCTGCTTCTTGTATGA 19 60 52
Drimys/rpcl DriCF2 CCTGCTGCTAAAGGTTTTGT 20 57 45
Drimys/rpcl DriCf3 CACTCCCGAAGGAGGATG 18 59 61

Drimys/rpcl DriCR1 CCAGGCCTCATCAATCTACG 20 61 55
Drimys/rpcl DriCR2 GGCATGTGCCATCATAGTCT 20 58 50
Ephedra/rpal ~ EphAF1  GCATGAAGAAACTTGGCAGA 20

Ephedra/rpal ~ EphAf2 GGGCAGCAAGAGTTAGAAGG 20 59 55
Ephedra/pal  EphAf3 CTGCTATGGTGAAGACGGAGT 21 59 52
Bphedraipal ~ EphAR1  CCCACTTCGGGATGTTTITA 20 60 45
Ephedra/rpal  EphAr2 CTCTCAATCTCAGCCTGCAT 20 58 50
Ephedratpal  EphAr2 GCCAACTTCTCCCTCCTCTC 20 60 60
Ephedra/rpcl ~ EphCF1 GGAAATGGAAACAAAAGTGGAC 22 60 4l
Ephedra/pcl ~ EphCF2  CTGGGTTGACAGCAACTGAA 20 60 50
Ephedrarpcl ~ EphCR1 ~ CTTTCATCAATCTACGGGACA 21 58 43
Ephedra/rpcl ~ EphCR2  CTCAATTTTGCAAGGCGATT 20 60 40
Ginkgo/rpal GinAF1 ATGAAGAGGGCTGGTAAGGTC 21  57.56 52.38
Ginkgorpal ~ GinAF2 ~ GAATCGCGTAACTTCTGAAG 20 52.82 45
Ginkgo/pal ~ GinARI(N) TTCGAGATGTTTTGATTGCAG 20  58.91 38.1
Ginkgo/tpal ~ GimAR2  TTCCAAACTGTGCCTTGTCA 20 60.28 45
Ginkgorpc! GinCfln  GCTGCCTCGTGCATGAAT 18 61 56
Ginkgorpcl GinCPn  AATGCAAGTGGTGGGATTGT 20 60 45
Ginkgorpcl GinCrln  GTTCAAGGGTGTGCCATCTT 20 60 50
Ginkgorpel GinCr2n  AAACACTGCCAGCGACTTCT 20 60 50
Nymphaea/rpal NyAF?2 TTCTTGCAGATCAGGCACTT 20 60 45
Nymphaea/rpal NymAfl.5nl TGAGAGCATTGGTGAATCTG 20 57 45




Plant/Gene Code Sequence(5'-3") Length Tm GC%
Nymphaea/rpal NymAfl.5n2 TGAGAGCATTIGGTGAATCIGTIT 22 60 41
Nymphaea/rpal NymAfin2 TTGACTTCAGAACATCCACACC 22 60 45
Nymphaea/rpal NymAfinl CAGGAATGGTCACTCIGTGG 20 56 355
Nymphaea/rpal NymAf3nl GGCTCAGGAATGGTCACTCT 20 59 55
Nymphaea/rpal  NymArl.5nl CAGCACGATGGTGCAGTA 18 55 58
Nymphaea/rpal  NymArl.5n2 CCAACTCTTGCTGGCCTAAT 20 59 50
Nymphaea/rpal NymArinl ATCATGTTGCCCATGGTCTG 20 61 50
Nymphaea/rpal NymArin2 CATGTTGCCCATGGTCTG 18 66 55
Nymphaea/rpcl NyCF1 GGCCAGGTCGGGAAAGCTAC 20 63 65
Nymphaea/rpcl  NyCF2 TGCTGCCAAAGGATTTGTAA 20 59 40
Nymphaea/tpcl  NyCRI(N) CACGCCACTAGCATTACGAA 20 60 50
Nymphaea/rpcl  NyCR2 CGTCATCAATCCCTATCGTG 20 58.95 50
Nymphaearpal NymAfinl GGCAGCTTGACTTCAGAACA 20 59 50
Pinus/rpal PinAr3n AATGACCTGCTTTCCAGTCC 20 59 50
Pinus/rpal PinusAfln TCACAAAAGGAAGACCACCT 20 57 45
Pinus/rpal PinusAf2n  GATGACGATGACTGGAGCAA 20 60 50
Pinus/rpal PinusArln  TTGGATAACTGAGCCATCTGAA 22 59 40
Pinus/rpal PinusAr2n  AATGAATTTTGTCCCCAAGC 20 59 40
Pinus/tpcl PinCF1 ACAATGTGCAGCAATGATGG 20 60.55 45
Pinus/rpcl PinCf2 TGCTTGTGTTGGTCAACAATC 21 59 42
Pinus/rpcl PinCR1 GCATTGCGTACTGTACCATCA 21 59.6 47
Pinus/rpcl PinCR2 AAGCCATGATTTCCAATCCA 20 60 40
Podocarpus/rpal PodAF1 GGCAAGGTTCCAGGAGATTA 20 59 50
Podocarpus/tpal PodAF2 TGCTTGGACAGCAAGAGTTG 20 60 50
Podocarpus/rpal PodAF3 TATCCAGCGGCTTGGTAAG 19 59 52
Podocarpus/rpal PodAR1 CAAGTACCCACTGCGTGATG 20 60 55
Podocarpus/ipal PodAR2 TTCCATCCTCTGCTTGAGGT 20 60 50
Podocarpus/rpal PodAR3 CAATTTTGGGGGATGACATT 20 60 40
Podocarpus/tpcl  PodCF1 AAGTTGGGAAGGCCACATT 19 59 47
Podocarpus/tpcl  PodCF2 ACCGCAGTCTTCCACACTTC 20 60 55
Podocarpus/rpcl  PodCR1 GGGTCCATACCATCATCACC 20 60 55
Podocarpus/ipcl  PodCR2 AGTTTGAGCTGCGTTGCAC 19 60 52
Psilotum/rpal PsiAfl.5nl  GTGGGGTAGATGACCTGCTA 20 57 55
Psilotum/rpal PsiAfl.5n2 TGGGGTAGATGACCTGCTACT 21 59 52
Psilotum/rpal PsiAri.5nl  TGTCCGATTCACCGTTACTIC 21 60 47
Psilotum/pal PsiAri5Sn2 GTAGCCGTGTCCGATTCAC 19 59 58
Psilotum/rpal PsilAfln TTCCGCTCGAAAAAGAACTC 20 60 45
Psilotum/rpal Psilafin2  CTGCTATTTGGAAGCCAAGG 20 59 50
Psilotum/rpal PsitAfln3  CCATCCTGCTATTTGGAAGC 20 60 50
Psilotumyrpal PsilAf2n AGAGAGGGGTTGGTGACACA 20 60 55
Psilotum/rpal PsilArin GTGTCACCAACCCCTCICTG 20 60 60
Psilotunyrpal PsilArin2  CAATTGATCCATCAGCATCC 20 58 45
Psilotuny/rpal PsilArin3  CATCCCGAACCGTGTGAT 18 60 55
Psilotum/rpal PsilAr2n CTTTTTCGAGCGGAAGGATT 20 60 45
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Plant/Gene Code Sequence(5'-3") Length Tm GC%
Psilotum/rpcl PsiCF1 CAGCAAAAGTGGTGGTGAAAC 21 58 4761
Psilotunyrpel PsiCF2 CAGCAATCAGTTGGAGGACA 20 59.8 50
Psilotum/rpcl PsiCRI(N} GGATCCCTACCATCATCACC 20 582 55
Psilotum/rpcl PsiCR2 AACCCATGATTTCCAATCCA 20 60 40
Taxus/rpal TaxAF1 GGAGGATCCACCATTTTITCA 20 66 45
Taxus/rpal TaxAfl,5 ACTTGGACAGCAGGAGTTGG 20 60 55
Taxus/rpal TaxAfln GGGGAGACCGTCITITACCA 20 61 55
Taxus/rpal TaxAF?2 GGGCTTGTTGACACTGCTG i9 60 58
Taxus/mpal TaxAfln TGTCAACAACAGCCTITTITCC 20 58.75 45
Taxus/ipal TaxAR1 GCCCTGCCATACAATGAAAA 20 61 45
Taxus/rpal TaxArl,5 TITCATAACGTCAACCCCATC 19 60 43
Taxus/rpal TaxArln GTCAACCCCATCTTCTCCAT 20 58.7 50
Taxus/tpal TaxAR2 GCATCTCTCCCTAACATGTCC 21 59 52
Taxus/rpal TaxAr2n TCATGGTAAAAGACGGTICTCC 21 59 48
Taxus/rpel TaxCF1 TTGGAAAAGCGACATTAGGG 20 60 45
Taxus/rpcl TaxCF2 ACCAGCAGCCAAAGGTTTIT 19 60 47
Taxus/rpcl TaxCR1 CAGGGTCCATACCATCATCC 20 60 55
Taxus/rpcl TaxCR2 GCCAGGCTGTAGTGTGAGTTT 21 59 52
Taxus/ipcl TaxCR2 CTGTAGTGTGAGTTTCCCCITG 22 59 22
Taxus/rpcl TaxCr2n2  CTGTAGTGTGAGTTTCCCCTTIG 22 59 50
Thuja/rpal CedAF0.5 GGAAACAGGTCATAACCACAA 21 57 42
Thuja/rpal CedAF1 TTCAAACATTGCAAGTCAAAGG 22 60 22
Thuja/rpal CedAF?2 TGGGTTGCTAAAACCCTTTC 20 59 45
Thuja/rpal CedAR1 AAAACGATCCCCAATAAAGC 20 58 40
Thuja/rpal CedAR1.5 CAAGTCTGACTGCTGCACAA 20 58 50
Thuja/rpal CedAR2 CTTGTCAATCACACCATGCAC 21 60 48
Thuja/rpel CedCF1 GCTCGCTAAATTGAGTGCAA 20 59 45
Thuja/rpci CedCF2 GCCTGTGTTGGACAACAATC 20 58 50
Thuja/tpcl CedCF3 TGCTCCCCTGAACCTAGAAA 20 60 50
Thuja/rpel CedCR1 TTAACAGGGTCCATGCCATC 20 66 50
Thuja/rpel CedCR2 CCTTCTCGTATCTGCTICTTCIT 22 57 45
Thuja/rpel CedCR3 TAGGCTTCAAGATGGCAGGT 20 60 50
Welwitschia/rpal WelAF2 CTAACTGGCCTTCGCCTTC 19 59.86 57.89
Welwitschia/rpal WelAR1 GGAACACGCTTCCCTTCTAA 20 59.31 50
Welwitschia/rpal WelAR2 TCCACTGTCTCTTCCCCAAT 20 59.51 50
Welwitschia/rpal WelAr2 TCCACTGTCTCTTCCCCAAT 20 59.5 50
Welwitschia/rpcl WelCF1 CACGATGGATAGGAAATCACG 21 57.97 47.61
Welwitschia/rpcl WelCF2 GGCGGTTAAAACAGCTGAGA 20 60.39 50
Welwitschia/rpcl WelCRI(N) CGCTGTGAGCCCAGAATAA 19 59.96 52.63
Welwitschia/rpcl WelCR2 AAGTTGCCTTGCCAAGTTGT 20 59.78 45
Zamia/rpal ZamAF1 GGGGTGATAGACAAGGCACA 20 60.92 55
Zamia/rpal ZamAf2 GTGATGGGCTTGTGGACACT 20 61 55
Zamia/rpal ZamARI TGATTGCAGTGTCCACAAGC 20 60.88 50
Zamia/rpal ZamAr2 CACTGCCTTCAGTTCACCAC 20 56 55
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Plant/Gene Code Sequence(5'-3% Length Tm GC%
Zamia/rpcl ZamCF1 GGGAACAAAGATGGGCTTTIT 20 60 45
Zamia/tpel ZamCF2 CCGTGCACCAAATGGTTT 18 60 50
Zamia/rpel Zam(CF3 GGCAAAGGCTACTTIGICCTIG 20 60 55
Zamia/rpel ZamCR1 TCCATGGCATCATCTCCATA 20 60 45
Zamia/rpcl ZamCR2 AGTGTGAGCTTCCCCTTGIT 20 58 50
Zamia/rpel ZamCR3 TTGCATTTGGACGAACAAGA 26 60 40
Zea/tpal MaiAF1 AGCTGGGATACTGCTCTTCG 20 59.6 55
Zea/tpal MaiARI(N) AGAAACCATCCGTGGAACAC 20 59.83 50
Zea/tpal MaiAR2 GGCCTTGTCTATTATGCCCTTT 22 60.67 4545
Zea/rpal MazAr2 TCCCATACTTCCCAAACTGG 20 60 50
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combine DNA data sets for phylogenetic inference

Abstract

We propose a new measure to select genes, or sites of genes, for reconstructing
phylogenies. This measure is based on normalized splits values. Normalized splits consist
of the number of ways in which the sequences can be grouped into two partitions divided
by the length of these sequences. We use six different seed plant genes from nuclear,
plastid and mitochondrial genomes, as well as computer simulations, to show that
sequences with the lower normalized splits values, given that they contain enough

phylogenetic information for a certain divergence level, produce the correct phylogenies.
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Introduction

The parallel progress of DNA sequencing, computer science, mathematica}
biology and molecular evolutionary biology have had a great impact on the advancement
of molecular phylogenetics. In fact, the number of publications reporting molecular
phylogenies has been increasing exponentially since 1981 (Pagel 1999). On the other
hand, it has also become clear that several problems can affect the accuracy of the
phylogenies constructed using molecular data (recently reviewed in Sanderson and
Shaffer 2002). One of these problems concerns the choice of the genes, or parts thereof,
that will produce accurate and statistically supported phylogenetic trees. This is usually
performed by choosing orthologous genes that evolve at a rate that is both constant and
appropriate to the phylogenetic question being asked (Friedlander, Regier, and Mitter
1992; Graybeal 1994; Yang 1998). Orthologous genes that evolve too slowly will not
contain enough phylogenetic information whereas those that evolve too fast will contain
saturated sites devoid of phylogenetic signal for all but the closely related sequences
found in a given phylogeny. The rate of evolution of third codon (synonymous) positions
and first and second codon (nonsynonymous) positions of protein coding genes can also
be analyzed separately because synonymous sites usually evolve faster than
nonsynonymous sites. It is also important to use genes that evolve at the same rate in
different lineages because using genes that evolve at different rates in different lineages
might lead to the grouping of unrelated sequences that fortuitously share an accelerated
rate of evolution (Kuhner and Felsenstein 1994; Sanderson and Shaffer 2002). It is also

clear that many phylogenetic questions cannot be resolved using phylogenies based on a
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single gene (e.g., Qiu et al. 1999; Baldauf 2003). It is therefore necessary to develop
methods that will allow selecting a variety of phylogenetically informative genes in order
to combine their sequences for phylogenetic analyses.

Several methods have been proposed to test the phylogenetic usefulness of
different molecular data sets. They include the skewness test statistic (Hillis and
Huelsenbeck 1992), spectral analysis (Hendy and Penny 1993; Lockhart, Penny, and
Meyer 1995), incongruence length difference (Farris et al. 1995; Dolphin et al. 2000),
relative apparent synapomorphy analysis (Lyons-Weiler, Hoelzer, and Tausch 1996),
retention index (Naylor and Brown 1997; 1998), likelihood mapping (Strimmer and von
Haeseler 1997), quartet mapping (Nieselt-Struwe and von Haeseler 2001), delta plots
(Holland et al. 2002) and an entropy-based index of substitution saturation (Xia et al.
2003).

Splits are the number of ways in which the sequences can be grouped into two
partitions. For n sequences, the number of bipartitions is given by 2"! (Hendy and Penny
1993). Lento et al. (1995) pointed out that the ratio of the number of splits found in a set
of aligned sequences divided by their length gives an indication of the signal-to-noise
ratio for that data set. The data sets having the smallest normalized splits values are
expected to have the largest amount of phylogenetic signal relative to the amount of
noise. Here we use both known sequences and computer simulations to show that this
measure, which we call normalized splits (NS), provides an excellent, yet
straightforward, way for exploring the noise in a set of aligned sequences. Normalized
splits can therefore be used to select and combine both the genes and the gene partitions

that will produce accurate and well-supported phylogenetic trees. However, the concept
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of noise is a tricky one when dealing with sequence data. Noise can be stochastic for
example due to errors in sequencing, or it can be a result of unforeseen patterns in the
process of molecular evolution. For example, maximum parsimony method cannot handle
multiple substitutions at one site. Therefore, sites with multiple substitutions could be
considered noisy when using the maximum parsimony criterion to reconstruct
phylogenies.

The justification for this method is based on a parsimony argument: data sets that
contain the smallest proportion of splits should also be those that contain the smallest
amount of noise. For example, if all 10 nucleotides of five sequences support the same
split, say the split {(1, 2), (3, 4, 5)} that groups these five sequences, the normalized
splits value of this data set will be 0.1 (1/10). In contrast, if all 10 nucleotides of five
sequences support different splits, the normalized splits value of this data set will be 1
(10/10). Thus normalized splits provide a method to distinguish phylogenetic signal from
noise. This method therefore satisfies the requirement of Hillis and Huelsenbeck (1992)
in that it allows avoiding the analysis of data that has been randomized with respect to the
evolutionary relationships of the sequences being compared.

The sequence data sets we used to test the usefulness of normalized splits consist
of six different genes from nuclear, plastid and mitochondrial genomes of eleven plant
species (see below). We used these data sets because they are familiar to us and because
they have been used to produce a seed plant phylogeny that is currently believed to be
accurate (Kuzoff and Gasser 2000). Interestingly, this currently accepted phylogeny was
only arrived at when several studies used combined data sets (reviewed in Kuzoff and

Gasser 2000). In fact, previous studies based on single genes, such as 18S rRNA and
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rbcL genes, produced conflicting phylogenies. For example, the Chase et al. (1993) rbclL
study supported Ceratophyllum, a herbaceous plant, as being the sister group to all other
angiosperms whereas the Soltis et al. (1997) 188 rRNA study supported Amborella,
woody magnoliids and water lilies as being the first-branching angiosperms. It was
therefore of interest to us to try to determine why different data sets supported different

and incompatible hypotheses for the origin of flowering plants.
Materials and methods

Six genes from eleven plant species were used for this study. The genes used were
the atpB, psad and rbcL plastid genes, the nuclear 18S rDNA genes, the mitochondrial
coxl genes and the nuclear protein-coding largest subunit of RNA polymerase II (rpbl)
genes. The plant species consisted of an outgroup (Psilotum nudum), four gymnosperm
species (Welwitschia mirabilis, Pinus nigra, Cycas revoluta and Zamia muricata) and six
angiosperm species (Amborella trichopoda, Nymphaea odorata, Magnolia soulangeana,
Oryza sativa, Zea mays and Arabidopsis thaliana). The GenBank accession numbers for
the atpB, rbcl, 188, and rpb] genes are listed in Tables 1 and 2 of Nickerson and Drouin
(2003). The GenBank accession numbers for the psad and cox/ genes are listed in
Sanderson et al. (2000) and Bowe, Coat, and dePamphilis (2000) respectively. Note that,
due to the lack of DNA sequence of cox] gene for Psilotum nudum, we used the sequence
of Ophioglossum engelmannii (another fern species) as the outgroup for the cox/ data set.

Sequences were aligned using ClustalW (Thompson, Higgins, and Gibson 1994)

and the DNA sequences of each protein-coding gene was aligned based on their amino
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acid sequence alignment. Three data sets corresponding to all three codon positions, first
and second codon positions (hereafter referred to as 1+2), and third codon position were
built for each protein-coding gene.

Spectral Analysis was performed using the Spectronet software (Huber et al.
2002). Hadamard conjugation (Hendy and Penny 1993) and direct-encoding methods
with default settings (as implemented in the Spectronet software) were used to obtain the
total number of splits for each data set. Normalized splits were calculated by dividing the
total number of splits found in the spectrum divided by the length of the alignment (gaps
and missing sites were excluded).

The MEGA2 program was used to obtain the number of synonymous (Ks) and
non-synonymous (Ka) substitutions (Kumar et al. 2001). We used the method of Pamilio-
Bianchi-Li (Pamilo and Bianchi 1993) to estimate Ks and Ka.

The TreePuzzle program was used for building phylogenetic trees (Strimmer and
von Haeseler 1996). Maximum likelihood trees were made using the HK'Y model
(Hasegawa, Kishino, and Yano 1985) with gamma-distributed rates across sites. The
gamma shape parameter with eight rate categories, the transition/transversion parameter
and nucleotide frequencies were estimated from the data sets.

Simulation was done in two steps. First, a simulated data set was generated using
SeqGen (Rambaut and Grassly 1997) following the HKY model with gamma-distributed
rates across sites (eight rate categories, gamma shape of 0.5). Second, random noise was
added to the simulated data set using a Python script (available upon request). This noise
was added only to invariant sites in order to keep the phylogenetic information present in

the data sets intact. This approach also allowed us to keep the total number of sites
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constant. The script adds random noise to a multiple alignment by randomly selecting
conserved sites in the alignment and changing them randomly to one of A, C, Gor T
nucleotides in each taxa. For example, a site containing nucleotide X in all taxa will be
randomly changed to A, C, G or T in each taxon. The noise can be added at a specified
percentage of the columns of invariable sites found in a multiple alignment. This
approach allows observing the effect that adding an increasing amount of noise has on a
given phylogeny. The NS values of these noise-added simulated data sets were only
obtained using direct-encoding method. Since our script uses invariant sites to add noise
to simulated data sets, and that the Hadamard conjugation method uses these invariant
sites in calculating the amount of multiple substitutions (Hendy and Penny 1993; Hendy,
Penny, and Steel 1994), we could not use the Hadamard conjugation method in this

simulation analysis.

Results

NS values for different genes and partitions

Table 1 shows the NS values of the six genes and, in the case of protein coding
genes, their partitions into 1+2 and third bases. Results from both direct-encoding and
Hadamard conjugation methods show that stochastic noise varies greatly among the data
sets. Although results from the Hadamard conjugation seem to be more sensitive to noise
than those of the direct-encoding method, there is a clear agreement between the results

of these methods. Among genes, cox] and 18S rDNA showed the lowest NS values
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(0.065 and 0.094 with the Hadamard conjugation method; 0.043 and 0.058 with the
direct-encoding method, respectively) and #pb/ and rbcL showed the highest NS values
(0.205 and 0.168 with the Hadamard conjugation method; 0.134 and 0.108 with the
direct-encoding method, respectively). Some genes therefore have NS values as much as
three times larger than that of other genes.

Among partitions, the most important difference in NS values is seen between the
partions of the rpb! gene. The 1+2 bases of codons of this gene have NS values that are
5.5 times smaller than those of the third base of codons (Table 1). In fact, the large
amount of variation found in the third bases of this gene made it impossible to select the
splits from the spectrum of this data set using the Hadamard conjugation method and the
NS value for this data set could only be calculated using the direct-encoding method.
Other protein coding genes follow a similar pattern. cox/ has the lowest variation in NS
values among the 1+2 and third bases of codons partitions (Table 1).

We examined the correlation of NS values of genes and their length to find out
whether NS values are highly influenced by the length of genes. This analysis showed
that the NS values of genes, obtained using direct-encoding (Figure 1a) and Hadamard
conjugation (Figure 1b), are not strongly correlated with the length of genes. However,
the P-values of these correlation analyses were not <0.05. We also tested all the genes
and their partitions and found that there is not a strong correlation between the length of
sequences and their NS values (R*= 0.085 and R*= 0.195 in the direct encoding and the
Hadamard conjugation methods, respectively). The P-values of these correlation analyses
were not <0.05, however, when the same analyses were done with a larger number of

genes and gene partitions (using the data sets that were used in Chapter 4, results not
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shown here), the correlations were significant (P=0.02 in both the direct encoding and the
Hadamard conjugation methods).

We also studied the correlation of the NS values of genes and their rate of
synonymous (Ks) and non-synonymous (Ka) substitutions (Figure 2). We found that NS
is correlated with Ks in both the direct-encoding method (Figure 2A) and the Hadamard
conjugation method (Figure 2B). The P-values of these correlation analyses were not
<0.05 (with the N=5 genes), however when the same analyses were done with a larger
number of genes (N=9; using the data sets that were used in Chapter 4), the Ks values
were significantly correlated with the NS values (P<0.005 and P<0.05 in the direct
encoding method and the Hadamard conjugation method, respectively). However, NS is
not correlated with the Ka in either the direct-encoding method (Figure 2A) or the

Hadamard conjugation method (Figure 2B)

Combining data sets for phylogenetic analyses

We built phylogenetic trees using the 1+2 bases of codons and the third base of
codons of the rpbl gene to see if the important difference in NS values of these two data
sets would lead to different trees when used in phylogenetic analyses. These two data sets
do indeed produce very different trees. The tree obtained with the 1+2 bases of codons of
the rpbl gene corresponds to the currently accepted phylogeny of the taxa shown in this
tree (Figure 3A; Kuzoff and Gasser 2000). All the relationships shown in this tree are

also supported by very strong statistical support. In contrast, the tree obtained with the

63



third base of codons of the rpb/ gene is not well resolved and well supported and it does
correspond to the currently accepted phylogeny of the taxa shown in this tree (Kuzoff and
Gasser 2000) (Figure 3B).

We also built phylogenetic trees using the different partitions of the other genes
shown in Figure 3 but most of them did not contain enough variable sites to obtain
meaningful phylogenies (results not shown). For example, whereas the 1+2 bases of
codons and the third base of codons of the rpb! gene contain 468 and 927 variable sites
respectively, those of the psad gene contain only 190 and 506 variable sites, respectively.
We therefore used NS values to combine genes and gene partitions in order to obtain data
sets with larger number of variable sites. We then used these data sets for phylogenetic
reconstruction. The first combined dataset was composed of 18S, rbecL 1+2 positions and
psaA 1+2 positions (all with NS values smaller than 0.1). This data set contained 595
variable sites. The second combined dataset included third positions of rbcl, third
positions of atpB and third positions of psa4 (all with NS values greater than 0.198).
This data set contained 1061 variable sites. Interestingly, the first combined data set,
consisted of genes/partitions with lower NS, produced a tree topology identical to the
accepted phylogeny (Figure 3C; Kuzoff and Gasser 2000). However, the tree produced
by the second combined data set, consisting of gene partitions with higher NS, did not
recover the accepted phylogenetic tree (Figure 3D). This tree supported the grouping of
Nymphaea and Amborella together at the base of angiosperms.

To investigate the amount of phylogenetic signal versus noise that is needed to
resolve the phylogeny of examined taxa, we further added the two low NS data sets (used

in producing trees in Figure 3A and 3C) and the two high NS data sets (used in producing
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trees in Figure 3B and 3D). These two combined data sets contained a total of 1063 (low
NS) and 1988 (high NS) variable sites. The low NS data set produced a very strongly
supported phylogeny corresponding to the accepted phylogeny (Figure 3E; Kuzoff and
Gasser 2000). Interestingly, the high NS data set produced a different topology with

much lower support values for several nodes (Figure 3F).

The effect of noise on NS values

In order to complement our analyses based on real data sets, we also generated
simulated data sets using the SeqGen program. The strongly supported tree (Figure 3E),
obtained using a combination of low NS genes, was used as input tree for the simulation.
The same evolutionary model as the one used in TreePuzzle to build the input
phylogenetic tree (HKY+ I') was used in SeqGen. To mirror the data set used in
producing the input tree (Figure 3E), it had a total length of 5860 sites and included 4920
invariable sites (i.e., about 84% of the total sites) and 940 invariable sites. The NS values
of the simulated data set, calculated using direct-encoding methods, were 0.024
indicating that, as expected, the simulated data set did not contain a substantial amount of
noise (Figure 4). We then added random noise to the simulated data set to evaluate the
effect of different levels of noise on the NS values and tree topology. This noise was
added only to invariant sites in order to keep the phylogenetic information present in the
data sets intact. Given that the simulated data set contained about 84% invariable sites,

we therefore were able to add up to 84% noise to them.
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Adding stochastic noise to the invariable sites of the simulated data sets clearly
increased their NS values and NS values calculated using the direct-encoding method
continued to increase by adding more noise (Figure 4).

We built phylogenetic trees using these noise-added simulated data sets (Table 2).
Increasing the amount of noise up to 8.4% did not distort the known phylogeny but
gradually decreased the support of several nodes (Table 2). Adding more than 33% noise

led to incorrect phylogenies with poor support values (Table 2).

Discussion

Both real sequences and computer simulations show that normalized splits
provides an excellent, yet straight-forward, way for exploring the stochastic noise in a set
of aligned sequences. Normalized splits can therefore be used to select and combine both
the genes and the gene partitions that will produce accurate and well-supported
phylogenetic trees.

Our results with known sequences show that data sets made up of low NS value
sequences can recover the known phylogeny of land plants (Figures 3A, C and E).
Furthermore, the support of the nodes of these phylogenies increases as the amount of
low NS value sequences increases (Figures 3A, C and E). In contrast, data sets made up
of high NS value sequences cannot recover the known phylogeny of land plants (Figures
3B and D) even when 2 large amount of sequence is used (Figure 3F). Furthermore, the
support for most of the nodes of the phylogeny shown in Figure 3F is much lower than

the support for the nodes of the phylogeny shown in Figure 3E. This lower support is not
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due to the fact that the data set used to construct the tree shown in Figure 3F contains less
variable sites than the data set used to construct the tree shown in Figure 3E because they
contain 1988 and 1063 variable sites, respectively. The historical signal present in the
combined high NS data sets therefore is distorted by noise and a well-supported topology
cannot be resolved (Figure 3F). The high support obtained with phylogenetic trees built
using data set from genes and partitions with lower noise, and the opposite for the data
sets with higher noise, suggests that using NS values to evaluate the noise level of
different data sets can give us a valuable guide for combining data sets that will produce
strongly supported trees. We can therefore either avoid using noisy data or, when we
have no other choice, expect a lower statistical support.

The results obtained with our simulated data sets support our initial hypothesis
that NS values increase with the amount of noise added (Figure 4, Table 2). NS values
can therefore be used to predict the amount of noise found in a data set. These results also
show that whereas relatively small amounts of noise only decrease the support observed
for some nodes, adding larger amounts of noise leads to incorrect phylogenies.

There are mixed views about utility of different codon positions in phylogenetics.
It is common practice to use only 1+2 codon positions when comparing genes from
distantly related species because third codon positions are assumed to be saturated with
substitutions and therefore uninformative (Meyer 1994; Swofford et al. 1996, Xia et al.
2003). However, others have argued that third codon positions should be kept because
they still contain useful phylogenetic information (Lewis, Mishler, and Vilgalys 1997;
Sanderson et al. 2000; Savolainen et al. 2000). Our results suggest that the historical

signal in third codon positions, of both nuclear and plastid encoded genes, contains a
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large amount of noise. The third codon positions of the rpd/ genes have a much larger
NS value than the 1+2 codon positions (Table 1) and produce an unresolved phylogeny
with low statistical support (Figure 3B). We observed the same pattern in the third codon
positions of plastid genes. The noise present in the third codon positions of the plastid
genes was high enough to produce an imprecise phylogeny with low statistical support
(Figure 3D).

QOur results also show that the third codon positions of plastid genes rbcL, aipB
and psaA have lower NS values than the third codon position of nuclear 7pb/ (Table 1).
Since the synonymous sites of plastid genes are known to evolve roughly four times more
slowly than those of nuclear genes (such as the rpb! gene), the smaller noise content of
third codon position of the plastid genes could be due to their lower synonymous
substitution rate (Wolfe et al. 1987, 1989). This is also in agreement with our observation
that the NS values are correlated with the rate of synonymous substitutions (Figure 2).
The fact that the synonymous sites of mitochondrial genes (such as the cox/ gene) evolve
roughly twelve times more slowly than those of nuclear genes would also explain why
the third base of codons of the cox] gene have the smallest NS values (Table 1; Wolfe et
al. 1987, 1989).

Phylogenetic trees built using maximum parsimony methods often assume that
more accurate phylogenies will be obtained using data sets containing the maximum
number of parsimony informative sites. Our results show that this is not the case. In all
the protein coding genes we analyzed, except the cox/ gene, the number of parsimony
informative sites is three to five time higher in the third base of codons than in the 1+2

bases of codons (Table 1). Yet, the phylogeny obtained with data sets composed of the
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third base of the rpb/ gene or of the rbcl, atpB and psaA genes do not correspond to the
known phylogeny of seed plants (Figures 3B and D). Therefore, parsimony informative
sites are not necessarily phylogenetically informative sites and NS values provide a
straightforward way to select reliable sites for phylogenetic analysis.

Although this study was not designed to address specific issues in seed plant
phylogeny, our evaluation of the noise level in different plant genes is relevant to plant
molecular phylogenies. Some of the topological discrepancies and low statistical supports
leading to different hypotheses in recent plant phylogenetic studies might be a result of
using combined data sets of genes with different noise levels. The common practice of
adding more genes and taxa for building molecular phylogenies, reflected in a number of
recent studies (e.g., Qiu et al. 1999), has helped in resolving a number of phylogenetic
problems. It also produced a number of new hypotheses with no apparent conclusion
(Kuzoff and Gasser 2000). Our study suggests that simply adding more genes and taxa
may not lead to a well-supported phylogeny especially if the amount of noise is
substantial enough to mask or distort the phylogenetic signal. For example, the topology
produced using a combined data set with high noise level shows a clade containing
Amborella and Nymphaea as the sister group to the other angiosperms (Figure 3D). In
contrast, the topology produced using data sets with low noise levels (Figures 3A, C and
E) agrees with the currently accepted phylogeny which considers Amborella to be the

only sister group to all other angiosperms (Kuzoff and Gasser 2000).
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Table 1. Normalized splits values for six genes and their partitions

Data set Sites  Variable Parsimony Splits (D) NS (D) Splits (H) NS ()
sites informative
sites

188 1696 325 177 99 0.058 160 0.094
rpbl 3022 1395 1069 406 0.134 619 0.205
rpbl (1+2) 2016 468 256 138 0.068 192 0.095
rpbl (third) 1006 927 813 377 0374 N/A N/A
rbel 1074 345 225 116 0.108 180 0.168
rbel (1+2) 716 80 41 42 0.059 49 0.068
rbel (third) 358 265 184 99 0.222 445 1.243
atpB 1161 376 240 108 0.093 197 0.170
atpB (1+2) 774 86 40 33 0.043 40 0.052
atpB (third) 387 250 200 100 0.258 379 0.979
psad 2143 696 443 155 0.072 244 0.114
psad (1+2) 1428 190 103 60 0.042 71 0.050
psaA (third) 715 506 340 142 0.199 289 0.404
coxi 1404 409 196 61 0.043 84 0.060
coxl (1+2) 936 180 100 41 0.044 53 0.056
coxl (third) 468 229 96 42 0.090 56 0.120

Notes. Sites, total number of sites; Variable sites, number of variable sites; Parsimony
informative sites, number of parsimony informative sites; NS, normalized splits; (D)
denotes direct-encoding method; (H) denotes Hadamard conjugation; N/A denotes that

calculation was not possible using Hadamard conjugation. First and second positions of

codons are denoted by (1+2) and the third positions of codons are denoted by (third).
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Figure 1. Correlation of NS and the length of sequences.
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Figure 2. Correlation of the NS values of genes with their number of synonymous (Ks)
and non-synonymous (Ka) substitutions.
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Figure 3. Phylogenetic trees reconstructed using data sets composed of genes/partitions

with low (a, ¢ and e) and high (b, d and f) NS values. a, tree based on rpb/ 1+2 codon
positions; b, tree based on rpbl third codon positions; ¢, tree based the combination of
188, rbcL 1+2 codon positions and psad 1+2 codon positions; d, tree based on the
combination of rbcL third codon positions, afpB third codon positions and psad third
codon positions; e, tree based the combination of data sets used in (a) and (c); 1, tree
based the combination of data sets used in (b) and (d). The scale bars represent 10%

substitutions. Trees are made using the TreePuzzle program. Statistical supports from the

TreePuzzle are shown on branches.
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Figure 4. Effect of adding noise on NS values of simulated sequences. NS is calculated
using direct-encoding method.
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phylogenetic reconstructions

Abstract

Seed plant phylogeny and in particular the position of Gnetales have been
problematic and controversial for a long time. We used the sequence information from
three nuclear encoded RNA polymerases together with seven other genes from
chloroplast, mitochondria and 18S rRNA (16223 nucleotides) to reconstruct seed plant
phylogeny and to evaluate the recently proposed Gnepines hypothesis. Our results, with
normalized splits and evolutionary rates, showed that the third codon positions of nuclear
RNA polymerases and chloroplast genes can cause erroneous phylogenies. Spectral
analysis supported the Gnepines groupings in the spectrum of all protein coding genes.
18s rRNA, however, did not support this hypothesis. Our phylogenetic reconstructions
generally supported the Gnepines hypothesis. Our maximum likelihood analysis
supported the Gnepines hypothesis with high bootstrap values. However, the use of third

codon positions of RNA polymerase genes and chloroplast genes especially in maximum
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parsimony analysis resulted in various contradictory phylogenies. By removing these data
partitions, we reached a well-supported tree in maximum parsimony analysis, in which
the Gnepines hypothesis is strongly supported. Our work clarifies the position of
Gnetales, as a sister group to Pinaceae, as well other branches of seed plant phylogeny,
and provides insight for addressing complex phylogenies using combined data sets from

different genomic compartments.

Introduction

Evolutionary relationships of seed plants have been a controversial and
problematic issue for several decades. Seed plants radiated rapidly and long ago. The five
living groups of seed plants (angiosperms, conifers, cycads, Gnetales and Ginkgo)
diverged several hundred million years ago and evolved independently since then
(Kenrick and Crane 1997). Therefore, tracing the phylogeny of these groups is difficult
and requires homology assessment of a large character sampling. One of the long
standing controversies in plant phylogny is the position of Gnetales, the least familiar
group of seed plants. Although parsimony based studies of all available morphological
characters clarified the outline of major land plant groupings (e.g., Crane 1985; Doyle
and Donoghue 1992), they were unable to reach a consensus on a detailed phylogeny. A
major conclusion from morphological studies, however, was support for the Anthophyte
hypothesis that grouped Gnetales with angiosperms (Crane 1985; Doyle and Donoghue
1986; Doyle and Donoghue 1992). On the other hand, molecular studies based on
chloroplastic rbcL genes (Chase et al. 1993), and 18S rRNA nuclear ribosomal gene
(Hamby and Zimmer 1992; Doyle, Donoghue, and Zimmer 1994), 28s rRNA nuclear

ribosomal gene (Stefanovic et al. 1998) and chloroplast ITS sequences (Goremykin et al.
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1996) raised serious doubts about the Anthophyte hypothesis. However, their results were
inconclusive because they had low statistical support and lacked congruence among
different genes and methods of analysis (Donoghue and Doyle 2000). Most of these
analyses were based on parsimony criterion, which is known to falsely group long
branches of a tree (Felsenstein 1978). In fact some of the above mentioned studies
reported different groupings using different taxa as outgroups (Doyle, Donoghue, and
Zimmer 1994).

With the advancement of phylogenetic methods and sequencing technology,
several new molecular studies have offered insights in seed plant phylogeny and in
particular the position of Gnetales. However, the issue remains unresolved and
controversial. A major conclusion of these new molecular phylogenetic analyses was the
rejection of the Anthophyte hypothesis (Hansen et al. 1999; Winter et al. 1999) and
grouping the Gnetales with conifers. The most recent hypothesis on the position of
Gnetales was offered, exclusively based on molecular markers, by Chaw et al. (2000) and
supported by Bowe, Coat, and dePampbhilis (2000). This hypothesis, which is called the
Gnepines hypothesis, places Gnetales within conifers as a sister group to Pinaceae. Chaw
et al. (2000) used mitochondrial small subunit rRNA genes (mtSSU rRNA) and nuclear
small subunit IRNA genes (nuSSU rRNA ) in combination with rbcL for all groups of
seed plants. Their mtSSU rRNA dataset supported the grouping of Gnetales and Pinacea
in maximum likelihood and maximum parsimony methods with high bootstrap support
(98 and 97 respectively). Bowe, Coat, and dePamphilis (2000) also used two
mitochondrial genes, cox/ and atpA, together with known sequences of rbcL and 18S

rRNA in a data set consisted of all groups of seed plants. Their maximum likelihood,
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maximum parsimony and neighbor joining trees supported the Gnepines hypothesis. The
Gnepines hypothesis, which raised a lot of criticism in the plant systematics community
(Donoghue and Doyle 2000), has been tested and challenged by several phylogenetic
studies (Sanderson et al. 2000; Rydin, Kéllersj6, and Friis 2002; Schmidt and Schneider-
Poetsch 2002; Soltis, Soltis, and Zanis 2002). None of these studies, however, could
resolve the position of Gnetales. Rydin, Killersjo, and Friis’s (2002) study, which
rejected the Gnepines hypothesis, was based on a parsimony analysis of rbcL, atpB, 185
and 268 rRNA genes. This work is interesting since it proposes that third codon positions
of chloroplast genes contain most of the phylogenetic information and should therefore
be used for phylogenetic reconstructions. They also pointed out that there is a conflict
between transitions and transversions within each codon position. Rydin, Kéllersjs, and
Friis (2002) however, do not reach a definitive conclusion about the position of Gnetales.
Their trees reject the Gnepines hypothesis and places Gnetales either as the sister group
to all other seed plants or angiosperms (based on the position of the root). In contrast to
Rydin, Killersj, and Friis (2002), Soltis, Soltis, and Zanis (2002) generally support the
Gnepines hypothesis. They used eight genes in ML, MP and Bayesian phylogenetic
methods. They obtained different topologies depending on the choice of data set or the
method of analysis. Interestingly, this study suggests that most of the discrepancies in
seed plant phylogenies involve third codon positions of chloroplast genes (their data set
did not include any nuclear protein coding gene). In an analysis of nuclear encoded
phytochrome genes, Schmidt and Schneider-Poetsch (2002), rejected the Gnepines
hypothesis, but could not reach a conclusion on the position of Gnetales. Magallén and

Sanderson’s (2002) work used the first and second codon positions of the highly
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conserved chloroplast psaA and psaB genes. Their data supported the Gnepines
hypothesis in maximum likelihood and maximum parsimony analyses. However, data
sets of third codon positions and all three codon positions, although inconclusive on the
position of Gnetales, rejected the Gnepines hypothesis.

Spectral analysis (Hendy and Penny 1993) offers a unique possibility to evaluate
genes/data partitions (Chapter 3) and to test phylogenetic hypotheses (Lento et al. 1995)
without building a phylogenetic tree. This method is based on splits which are the
number of ways in which the sequences can be grouped into two partitions. We recently
showed, using both real and simulated sequences, that the data sets having the smallest
normalized splits (NS) values are expected to have the lowest amount of (random) noise
(Chapter 3). Therefore these low NS data sets can be used in producing more accurate
phylogenies. Spectral analysis can also help in assessing support for particular
phylogenetic groupings in a given data set (Lento et al. 1995; Lockhart, Penny, and
Meyer 1995). This is achieved by measuring the observed or corrected frequency of
support as well as contradictory signals for a particular split in a data set. In this paper we
use spectral analysis both in evaluating data sets and data partitions and in showing
supporting/contradictory signals for three groupings regarding the relative position of
Gnetales to conifers. Figure 1 shows these groupings in a phylogenetic tree as well as a
split system.

To be able to make a large data set from protein coding genes of all three genomic
compartments, we cloned and sequenced the genes encoding the largest subunit of three
nuclear encoded RNA polymerases (rpal, rpbl, rpcl) and used them in combination with

chloroplast, mitochondrial and 18S rRNA genes. rpal, rpbl and rpcl are the central part
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of the transcription machinery in eukaryotic cells (the active site of the RNA polymerase
enzyme is located in the largest subunit). These genes belong to the RNA polymerase
gene family and are conserved over a wide evolutionary scale (from £. coli to human).
However, they evolve with different rates (Iwabe et al. 1991; see Chapter 5) and therefore
can provide resolution for different divergence levels. rpb/ has been used in resolving a
number of phylogenetic problems (e.g., Stiller and Hall 1997; Hirt et al. 1999; Stiller,
Riley, and Hall 2001) and was recently shown to be a useful marker for plant phylogeny
(Nickerson and Drouin in press). In this report we introduce rpal and rpcl as new
molecular phylogenetic markers.

This work offers insight from new genes and methods of analyses to the old
problem of seed plant phylogeny and in particular the phylogenetic position of Gnetales.
We show that third codon positions in RNA polymerases and chloroplast genes are
affected by noise and can produce erroneous phylogenetic trees. We further show, using
spectral analysis, that there is support for the Gnepines hypothesis in different genes from
nucleus, chloroplast and mitochondria. Our phylogenetic reconstructions further supports

the position of Gnetales as nested within conifers and as a sister group to Pinaceae.

Materials and methods

This study used nine protein coding genes (three nuclear, four plastid and two
mitochondrial) and nuclear ribosomal gene 18S rRNA (total sequence length of 16223
nucleotides) from all major groups of seed plants (twelve taxa). The sequences of
chloroplast psad, psbB, rbeL and afpB genes, mitochondrial cox/ and atpA genes, nuclear

18S rRNA genes and seven rpb] sequences were retrieved from GenBank. Plants species
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and Genbank accession numbers, as well as taxon substitutions to allow combined
multigene analyses, are listed in Appendix 1. To ensure sequencing functional copies of
nuclear RNA polymerase genes, total RNA was extracted for all twelve plant taxa using
either QiaGen’s Rneasy or a manual method (See Chapter 2). rpb] genes for five taxa
were obtained using a published protocol (Nikerson and Drouin 2003). rpal, and rpcl
genes were amplified using degenerate primers (for sequences of primers and PCR
conditions see Appendix 2). We used Invitrogen’s TOPO TA cloning kit to clone each
gene. Sequencing was performed for both forward and reverse strands using an ABI 310
genetic analyzer. Sequences were assembled using the Segencher program (Gene Codes
Corporation, Ann Arbor, MI).

Sequences were aligned using ClustalW (Thompson, Higgins, and Gibson 1994)
and the DNA sequences of protein-coding genes were aligned based on their amino acid
sequence alignment. Three data sets corresponding to all three codon positions, first and
second codon positions (hereafter referred to as 1+2), and third codon position were built
for each protein-coding gene.

Spectral Analysis was performed using the Spectronet software (Huber et al.
2002). Direct-encoding and Hadamard conjugation (Hendy and Penny 1993; Hendy,
Penny, and Steel 1994) as implemented in the Spectronet software, were used to obtain
the total number of splits for each data set. NS values were calculated by dividing the
total number of splits found in the spectrum by the length of the alignment.

To study the signals for the position of Gnetales relative to conifers (see Figure 1)
we produced the spectrum of each gene for a set of aligned sequences of all

gymnosperms (9 taxa) using direct-encoding (observed) as well as Hadamard conjugation
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(which makes corrections for unobserved multiple substitutions). The outgroup and
angiosperms were not included in this analysis to reduce the complexity of the spectrum.
The numerical value for the frequency of support was calculated (as implemented in the
Spectronet software) by dividing the sum of occurrences for a split by the total number of
sites in the alignment (Lento et al. 1995). The conflict value for each split is the sum of
all other splits that contradict the partitioning of taxa in the first split. Since a split may be
contradictory to many splits, the conflict value may be much larger than the support. We
followed Lento’s normalization method for the frequency of conflict (Lento et al. 1995).
This method divides the sum of all support values by the sum of all conflict values. Each
conflict value is then multiplied by this ratio.

Evolutionary distances were calculated using the MEGAZ program (Kumar et al.
2001). We used the method of Pamilo-Bianchi- Li (Pamilo and Bianchi 1993) to calculate
the number of synonymous and non-synonymous substitutions. We used K2P model
(Kimura 1980) and a gamma distribution to calculate the number of pairwise (between
individual genes, for example rpbl of Ginkgo and rpbl of Psilotum) nucleotide
substitutions for 1+2 and third codon positions.

Maximum likelihood (ML) and maximum parsimony (MP) phylogenetic trees
(exhaustive searches) were reconstructed using PAUP” Version 4 (Swofford 2000).
MODELTEST (Posada and Crandall 1998) was used to obtain the ﬁlodel parameters for
likelihood analysis for each data set. In all data sets the general time reversible model was
selected by the MODELTEST as the best model for the ML analyses. Statistical support
for each topology was obtained using full heuristic bootstrapping (100 replicates for ML

and 1000 replicates for MP) as implemented in PAUP". Several combinations of the data
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sets were used to obtain phylogenetic trees using both ML and MP. These combinations

are described in the results section.

Results
Spectral analysis and rates of molecular evolution

Table 1 summarizes the NS values for each gene and gene partitions into 1+2
codon positions and third codon position. Among genes nuclear rpc/ has the highest NS
(0.147 and 0.245 in the direct method and the Hadamard conjugation method,
respectively) and mitochondrial azpA has the lowest NS (0.080 and 0.109 in the direct
method and the Hadamard conjugation method, respectively). Among data partitions,
third codon positions of nuclear RNA polymerases and chloroplast genes show
dramatically higher NS values than 1+2 codon positions of these genes (it was not
possible to calculate the splits for the third codon positions of RNA polymerase genes
using Hadamard conjugation). The difference between NS values of 1+2 and third codon
positions of mitochondrial genes is much lower. Table 1 also shows the number of splits
from each data partition as well as the number of variable and parsimony informative
sites. Nuclear RNA polymerase data set include 3133 variable sites and 2104 parsimony-
informative sites. Among these, 1227 variable and 621 parsimony-informative sites
belong to the 1+2 codon position and 1906 variable and 1483 parsimony-informative
sites belong to third codon positions.

We also calculated the number of substitutions in different genes and data
partitions. Table 2 summarizes these calculations for the number of synonymous and

non-synonymous substitutions for each protein-coding gene and combined data sets of
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RNA polymerases, chloroplast and mitochondrial genes. Among genes, nuclear rpbl/
showed the highest (1.22340.036) and mitochondrial coxi showed the lowest
(0.34}:t0.018) number of synonymous substitutions. Nuclear rpal showed the highest
(0.189+0.012) and chloroplast rbcL showed the lowest (0.020+0.003) number of non-
synonymous substitutions. Among combined data set from different genomic
compartments, nuclear RNA polymerases showed a higher number of synonymous
substitutions (1.188+0.025), followed by chloroplast (0.502+0.012) and mitochondrial
(0.34120.014) genes. For non-synonymous substitutions, nuclear RNA polymerases
showed the highest value (0.097+0.003), followed by mitochondrial genes (0.081+0.005)
and chloroplast genes (0.031£0.002). We also calculated pairwise distances in 1+2 codon
positions as well third codon positions of nuclear RNA polymerases, chloroplast and
mitochondrial genes (Figure 2). Interestingly, the majority of the distances in the third
codon position of nuclear RNA polymerases and chloroplast genes are close to or above 1
substitution per site (Figure 2A). This is not the case in the third codon position of
mitochondrial genes where only a small fraction of the distances are above 1 substitution
per site (Figure 2A). Interestingly, in nuclear RNA polymerases and chloroplast genes,
the majority of the distances between pairs of sequences where Gnetales species are one
of the pairs are among the higher end of the graphs. These data points are shown in black
on Figure 2A. The 1+2 codon positions in RNA polymerases, chloroplast and
mitochondrial data sets, however, all have distance values below 0.25 substitution per site

(Figure 2B). However, distances involving Gnetales species are in the higher end of

graphs.
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Figure 3, 4 and 5 show the spectra of rpal, rpbI and rpcl genes for an alignment
of the 9 gymnosperm taxa we used. We also made the spectra of the other genes,
however, only the full spectrum of two other genes, psad and 18S rRNA (Figure 6 and 7
respectively) are shown for comparison with #pal, rpbl and rpcl. Signal/conflict
frequencies supporting three groupings regarding the relative position of Gnetales and
conifers (A, B and C on Figure 1) are color-coded (shaded) on the spectra. Other signals
are also shown on the spectrum of each gene (all with the same color). In each spectrum,
there are 8 signals that do not have conflict values. These signals correspond to the
singleton splits (separating one taxa from the others). Direct-encoding (representing
observed values) and Hadamard-corrected spectra are shown in two panels. The
Spectrum of rpal, rpbl and rpcl generally show the same signal/conflict pattern for the
placement of Gnetales relative to conifers (A, B and C in Figure 1). The three groupings
are supported by each of these genes in both observed and corrected spectra. The signal
for each of these groupings, however, is generally increased as the result of Hadamard
correction (compare the frequency values for splits A, B and C in panels Tand I of
Figure 3, 4 and 5). Split A, which supports the grouping of Gnetales and conifers, is
supported by the strongest signal in all three genes. The other two splits (B and C) are
also supported (generally with close frequencies). Neither of these signals is dramatically
increased or decreased as the result of Hadamard correction (which corrects for multiﬁ;le
substitutions). Figure 6 shows the observed and Hadamard corrected spectra for the
chloroplast gene psad. The pattern of the signal/conflict did not change in the Hadamard
correction. This pattern, however, is different from the pattern obtained from rpal, rpbl

and rpcl. A strong signal supporting grouping C (Gnetales and Pinaceae; Gnepines) is
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present in both observed and Hadamard corrected spectra of psaA (Figure 6, I and I
respectively). A weaker signal supporting grouping A (Gnetales and conifers together) is
also present in the spectra of psaA. However, the signal supporting grouping B (Pinaceae
and other conifers together) is not present in the observed spectrum of psaA and is only
present with a very low frequency in the Hadamard corrected spectrum of this gene.
Interestingly, the opposite pattern is seen in the spectrum of 18S (Figure 7): signal for
grouping C (Gnepines) is very weak and signal for the other two groupings are present
with high frequency in both observed and Hadamard corrected spectra. Figure 8
compares the observed and Hadamard corrected signal/conflict frequency values for three
splits regarding the position of Gnetales and conifers (groupings A, B and C in Figure 1)
for all 10 genes. Grouping of conifers and Gnetales is supported in the spectrum of a
majority of the genes (both observed and Hadamard corrected). The highest frequency of
support for this grouping is found in the spectrum of nuclear rpal, rpbl and rpcl genes.
Among the two opposing groupings, the B (Pinaceae and other coinfers together) and C
(Gnepines), Gnepines grouping is abundant in the majority of genes and has a higher
support in the spectrum of chloroplast and mitochondrial genes. The signal for grouping
B is either not present or very weak in the spectrum of chloroplast and mitochondrial

genes (Figure 8), but is present in nuclear genes.

PhyE@geneﬁc reconstructions

Phylogenies made using nuclear RNA polymerases data set

Figure 9 shows ML and MP phylogenetic trees made using combined data set of

nuclear rpal, rpbl and rpcl (hereafter called the RNAP data set). Based on the large
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difference between NS values of 142 codon positions and third codon positions of these
genes (see table 1), and the results of our evolutionary distance analyses (Table 2 and.
Figure 2 where synonymous sites and third codon positions of RNA polymerases showed
large values, mostly above 1 substitution per site), we made phylogenetic trees with three
data partitions: all codon positions, 1+2 codon positions and third codon positions. ML
and MP trees made using all three codon positions (6723 sites, 3133 variable and 2104
parsimony-informative) both support gymnosperms as a monophyletic group (Figures 9A
and B, respectively). The position of Gnetales is different in ML and MP trees. In ML
they are nested within conifers and a sister group to Pinaceae (bootstrap value of 63).
However, in MP Gnetales are the first branch of gymnosperms (with a bootstrap value of
100). ML and MP trees made using 1+2 codon positions (4482 sites, 1227 variable and
621 parsimony-informative) both support gymnosperms as a monophyletic group
(Figures 9C and D, respectively). These trees also support Gnetales as a sister group to
conifers (grouping A in Figure 1). However, in the ML tree Gnetales are grouped with
Pinaceae (bootstrap value of 56; Figure 9C). In the MP tree, Pinaceae are grouped with
other conifers (Figure 9D), but this grouping is not supported by bootstrapping (note that
bootstrap values below 50 are not shown on the trees). ML and MP trees made using
third codon positions (2241 sites, 1906 variable and 1483 parsimony-informative; Figures
9E and F) have different topologies. The ML tree supports the grouping of Gnetales with
conifers (including Pinaceae; Figure 9E). However, the MP tree groups Gnetales as the
first branch of gymnosperms (Figure 9F). This topology is identical to the MP tree of all

three codon positions.
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Phylogenetic trees from chloroplast data set

Figure 10 shows ML and MP phylogenetic trees made using combined data set of
chloroplast genes psad, psaB, rbel and aipB. As mentioned above, based on the large
difference between NS values of 1+2 codon positions and third codon positions of
chloroplast genes (see Table 1) and also considering evolutionary distances (Figure 2ZA
where a large number of distances for chloroplast genes are close to or above 1
substitution per site), we made phylogenetic trees with three data partitions: all codon
positions, 1+2 codon positions and third codon positions. There is a clear disagreement
between topologies from different data partitions.

The ML tree of all codon positions supports the Gnepines grouping (Figure 10A), but MP
resolved Gnetales as the first branch of gymnosperms (Figure 10B). ML and MP trees of
1+2 codon positions both support the Gnepines grouping with high bootstrap support
(bootstrap values of 97 and 96, respectively; Figures 10C and D, respectively). However,
the ML tree from third codon positions groups Gnetales and conifers (not including
Pinaceae; Figure 10E) and the MP tree groups Gnetales as the first branch of

gymnosperms (Figure 10F).

Phylogenetic trees from mitochondrial data set

We made phylogenetic trees from all three codon positions of mitochondrial
genes atpA and cox/. This data set was not partitioned into 1+2 and third codon positions
because the NS analysis did not show a large difference in NS values of different
partitions of mitochondrial genes (Table 1). Furthermore, evolutionary distances for

mitochondrial genes were mostly under 1 substitution per site (Figure 2A). Interestingly,
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ML and MP produced identical trees (Figures 11A and B, respectively). The grouping of
Gnetales and conifers was supported in this topology, but Pinus was grouped outside this
conifers-Gnetales clade, with cycads. In addition, gymnosperms are not monophyletic in

these trees (Figures 11A and B).

Phylogenetic trees from 18S rRNA

ML and MP trees of 18S rRNA (Figures 11C and D, respectively) grouped
Gnetales with conifers (including Pinaceae) with high bootstrap support (bootstrap values
of 100 and 97, respectively). However, the position of Pinus is different in ML and MP

trees and angiosperms are not resolved in MP (Figures 11C and D, respectively).

Phylogenetic analysis using total evidence

A data set containing all 10 genes (16223 sites, 6327 variable and 3980
parsimony-informative) was used in ML and MP analyses (Figures 12A and B,
respectively). The ML tree supports the grouping of Gnetales and conifers with a
bootstrap value of 100. In this tree Gnetales are further grouped with Pinus with a
bootstrap support of 89. In the MP tree, however, Gnetales are the first branch of
gymnosperms. The position of Ginkgo is also different in ML and MP trees. In the ML
tree, Ginkgo is the sister group of conifers and Gnetales but in MP Ginkgo is the sister
group of cycads.

To study the effect of rémOVing third codon positions of the RNAP and
chloroplast genes (see above), we made phylogenetic trees from combined data set of 1+2

codon positions of RNAP and chloroplast genes and all codon positions of mitochondrial
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genes and 18S rRNA genes. Interestingly, This combined data set produced a single
topology in ML and MP (Figures 13A and B, respectively). In this topology, Gnetales are
grouped with conifers, as a sister group to Pinaceae, with bootstrap value of 100 both in
ML and MP.

We also made a MP phylogenetic tree using translated amino acid sequences of
all protein-coding genes. This tree (Figure 14) supports the grouping of Gnetales and
conifers and the grouping of Gnetales and Pinaceae. However, Ginkgo is positioned with

cycads in this tree.

Discussion

Beside the complexity of addressing phylogenetic relationship of seed plants, the
choice of data sets and gene partitions are the major causes of confusion and
contradictory results in recent phylogenetic reconstructions of seed plants (e.g., Magallon
and Sanderson 2002; Soltis, Soltis, and Zanis 2002). To address this, we used normalized
splits and evolutionary distances to evaluate data sets. The NS method allows comparing
the noise in genes and gene partitions without building a phylogenetic tree. Measuring
distances allows identifying sites that might be a concern for saturation. Qur results from
NS analysis and evolutionary distances are in line with what others have suggested with
conventional phylogenetic methods (Magallon and Sanderson 2002; Soltis, Soltis, and
Zanis 2002): mainly that the third codon positions are noisy at the divergence level of
seed plant phylogeny. However, these studies only examined different partitions of

chloroplast genes.
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Our results with spectral analysis strongly support the proposed (by molecular
studies) view on the closeness of Gnetales and conifers (Donoghue and Doyle 2000). The
signal supporting this grouping is present in a vast majority of genes (Figure 8). Gnepines
is also supported by all protein-coding genes. The frequency of support, however, is
different among different genes. This is in fact in line with the argument that different
genes have different phylogenetic resolution for a given divergence level. The strong
supports for Gnepines from the spectrum of mitochondrial genes atpA and cox! , and
chloroplast genes psad and psbB is in line with phylogenetic studies by Bowe, Coat, and
dePamphilis (2000) and Magallon and Sanderson (2002), respectively. However, there is
also support for the grouping of Pinaceae with other conifers in a number of genes
(namely nuclear RNA polymerases and 18S rRNA). We believe this cou];dv be in fact a
historical signal and not contradictory to the Gnepines grouping (although 1t might
mislead a phylogeny depending on gene, partition or method of analysis). The ancestral
signal, which leads to this grouping, might not be present in Gnetales, possibly due to
their faster rate of evolution, but is present in Pinaceae and other conifers. This fast rate
of evolution (relative to other seed plants) in Gnetales is a well known issue, and
documented in our phylogenetic trees (Figures 9-14), as well as trees in several other
phylogenetic studies (e.g., Bowe, Coat, and dePamphilis 2000; Chaw et al. 2000) by a
clear long branch leading to Gnetales. Our results further suggests that a single-gene
phylogeny can be misleading for reconstructing evolutionary history of seed plants. For
example the spectrum of psad and 18S rRNA clearly suggest that using each gene will

lead to two different positions for the Gnetales (Figures 6 and 7, respectively).
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Conventional phylogenetic reconstructions using ML and MP further supports the
result we obtained with spectral analysis. In this study we introduced a new data set from
nuclear protein coding genes rpal, rpbl and rpcl. This is the first extensive multi-gene
data set of nuclear protein-coding genes to address seed plant phylogeny. This data set
supports the Gnepines hypothesis in ML analysis of all codon positions and 1+2 codon
positions. We summarized the results obtained in phylogenetic reconstructions regarding
the position of Gnetales to conifers (Table 3). All ML trees support the grouping of
Gnetales and conifers (grouping A; Table 3) with generally a high bootstrap support.
Gnepines is also supported by a majority of data sets (grouping C; Table 3). Grouping of
Pinus and other conifers (grouping B; Table 3) is only supported by ML using 18S tRNA
and third codon positions of RNAP. The variation in the position of Gnetales is higher in
MP analysis of different data sets (Table 3). In MP the only data set that resolves the
same topology as the abundant topology in ML (A and C groupings in Figure 1), is the
data set of 1+2 codon positions of chloroplast genes. Interestingly, this data set evolves
very slowly (chloroplast genes have the lowest number of non-synonymous substitutions;
and the 1+2 codon positions of chloroplast genes are the slowest evolving data partition,
see Table 2 and Figure 2B). Our results confirm the results of studies that originally
proposed the Gnepinés hypothesis (Bowe, Coat, and dePamphilis 2000; Chaw et al.
2000) and studies that further found support for it (i.e. Magallén and Sanderson 2002;
Soliis, Soltis, and Zanis 2002). Other studies that did not support Gnepines either used
single genes or small data sets (Schmidt and Schneider-Poetsch 2002), or included third
codon positions (Rydin, Killersjs, and Friis 2002; Schmidt and Schneider-Poetsch 2002).

The problem with using one gene to address a complex phylogenetic issue, such as the
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seed plant phylogeny, is often the lack of phylogenetic information. Authors, however,
have tried to incorporate third codon positions to make use of the information contained
in these sites. This assumption is simply false for a complex phylogeny such as the
phylogeny of seed plants, with a depth of several hundred million years, because third
codon positions have incorporated multiple substitutions in each lineage and either have
lost their phylogenetic signal or the signal is highly influenced by noise. Several studies
have mentioned the problem with third codon positions (Meyer 1994; Swofford et al.
1996; Yang 1998; Xia et al. 2003). This problem is especially important when a method
sensitive to multiple substitutions (i.e., MP) is used for reconstructing phylogenies (tﬁe
problem of long branch attraction; Felsenstein 1978). Combining datasets have the
advantage of increasing the signal. And several recent studies on plant phylogeny have
shown this advantage (e.g. Qiu et al. 1999; Soltis, Soltis, and Chase 1999). However,
when the noisy data partitions are not excluded, the signal is still influenced by noise and
can be distorted or masked by it (Chapter 3). One way of reducing the noise is to use a
method of analysis with realistic models of nucleotide evolution and estimating the
parameters of the model from the data set. Maximum likelihood methods provide this
possibility. We clearly showed that using a ML approach (with model and parameters
estimated from data set) different data sets converge on a uniform topology for seed
plants. Another way for reducing the noise is to use data (data partitions) that is relatively
free of noise. Using amino acid sequences is an example of this strategy (although it may
require a larger number of amino acids to resolve a topology). Interestingly, the MP tree
of amino acid sequences of all protein-coding genes grouped Gnetales and Pinaceae

(Figure 14). Another example is to use a method like NS (without considering a model of
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nucleotide evolution) or evolutionary distances (based on a model of nucleotide
substitutions) to evaluate genes/data partitions. This strategy has the advantage of
increasing the signal for all branches of the tree (by adding the signal in different genes)
and decreasing the noise (by removing data partitions that are noisy). This should lead to
a single topology in ML and MP. We therefore combined 1+2 codon positions of
chloroplast and nuclear genes and all codon positions of mitochondrial genes and 18S
rRNA in a data set and built phylogenies with this data set in ML and MP. A single
topology was obtained with high bootstrap support in both ML and MP (Figures 13A and
B). In this topology, which was identical to the topology obtained by ML using total
evidence (all genes, all codon positions), Gnetales are nested within conifers as a sister

group to Pinaceae.
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Table 1. NS values for different genes and gene partitions

Data set Sites Splits D MS-D Splits H NS-H Variable Parsimony
rpal 1596 180 0.113 282 0.177 920 577
rpal (1+2) 1064 90 0.085 149 0.140 439 224
#pal (third) 532 147 0.276 NA N/A 481 353
rpcl 1638 241 0.147 401 0.245 867 564
rpel (142) 1092 101 0.092 176 0.161 369 185
rped (third) 546 205 0.375 N/A N/A 498 379
rpbl 3039 417 0.137 716 0.236 1346 963
rpbl (1+2) 2026 121 0.060 168 0.083 419 212
rpb! (third) 1013 376 0.371 N/A N/A 927 751
rbcl 1169 140 0.120 211 0.180 367 227
rbel (1+2) 780 39 0.050 46 0.059 80 38
rbel (third) 389 124 0.319 706 1.815 287 189
psaA 2112 205 0.097 328 0.155 719 456
psad (1+2) 1407 66 0.047 82 0.058 192 107
psaA (third) 705 182 0.258 562 0.797 527 349
psbB 1347 141 0.105 258 0.192 430 305
psbB (1+2) 898 46 0.051 57 0.063 141 72
psbB (third) 449 126 0.287 554 1.234 339 233
alpB 1146 109 0.095 218 0.190 380 243
atpB (1+2) 764 35 0.046 49 0.064 89 47
atpB (third) 382 95 0.249 818 2.141 291 196
atpA 1104 88 0.080 120 0.109 398 215
atpA (1+2) 736 50 0.068 66 0.090 157 85
atpA (third) 368 65 0.177 156 0.424 241 130
coxl 1392 112 0.080 157 0.113 551 263
cox! (1+2) 928 70 0.075 92 0.099 256 128
cox! (third) 464 64 0.138 125 0.269 295 135
18S rRNA 1670 105 0.063 171 0.102 293 165
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Table 2. Overall mean of number of synonymous and non-synonymous substitutions for
each protein coding gene and data set. The mean values were calculated using all the

lineages used in this study.

Gene Ks+SE KaxSE
rpal 1.063+0.045 0.189x0.012
rpbl 1.223+0.036  0.060+0.004
rpcl 1.096+0.050  0.122+0.008
Psad 0.504x0.020  0.032+0.003
PsabB 0.525+0.024  0.040+0.004
rbel 0.462:0.026  0.020+0.003
atpB 0.530+0.034°  0.031x0.005
coxl 0.341+0.018  0.084+0.006
atpA 0.363£0.020  0.073+0.007
Data set

RNAP 1.188+0.025  0.097+0.003
Chloroplast 0.502+0.012  0.0310.002
Mitochondrial  0.341+0.014  0.081+0.005

Note: Ks=synonymous, Ka=non-synonymous, SE=standard error measured by
bootstrapping (100 replicates) Values calculated using Pamilo-Bianchi-Li method

(Pamilo and Bianchi 1993)
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Table 3. Support for different groupings regarding the relative position of Gnetales and

conifers in different phylogenetic trees.

Data set

ML

MP

RNAP
RNAP (1+2)
RINAP (third)
Chloroplast

Chioroplast (1+2}
Chloroplast (third)

Mitochondrial
18S rRNA
All genes

All genes (excluding third bases of RNAP and chloroplast genes)
Amino acid translation of protein coding genes

A(98), C(63)
A(98), C(56)
A(89), B(65)
A(94), C(70)
A(94), C(97)
A(71)

A(<50)
A(69), B(57)
A(100), C(89)
A(100), C(100)
N/A

A(100), B(95)
A(76), B(<50)
D(100), B(91)
D(97), B(96)
A(85), C(96)
B(96)

A(61)

A(97), B(<50)
D(93), B(77)
A(100), C(100)
A(86), C(100)

Note: ML= maximum likelihood; MP= maximum parsimony; numbers in parentheses are
bootstrap supports; A: (Gnetales+conifers) (other gymnosperms); B: (conifers including
Pinaceae) (Gnetales +other gymnosperms); C: {Gnetales + Pinaceae) (other conifers

+other gymnosperms ); D = Gnetales are the first branch of gymnosperms.
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Figure 1. Schematic trees, and their split representation, showing three different
groupings related to the relationship of Gnetales and conifers

Other gymnosperms

Other Conifers

- Pinacege
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A: (Gnetales+conifers) (other gymnosperms)
B: (conifers including Pinaceae) (Gnetales +other gymnosperms)

C: (Gnetales + Pinaceae) (other conifers +other gymnosperms )
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Figare 2. Pairwise distances of third (A) and 1+2 codon positions (B) of RNA
polymerases, chloroplast and mitochondrial data sets. Distances were estimated using
K2P + I' model (0 = 0.5). Pairwise distance values for each gene are represented based
on alphabetical order of species names (for example the distance of Amborella-cycas is
plotted before the distance of Amborella-Ephedra and so on). Distances involving
Gnetales species are shown in black.
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Figure 2. Continued
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Figure 3. Observed and Hadamard-corrected spectrum of #pa/. This analysis is done
using the alignment of 9 gymnosperm taxa. Support and conflict values for each split are
shown as positive and negative bars, respectively. Support values for three splits
regarding the relative position of Gnetales to conifers are color-coded. Note that 8
singleton splits (a single taxa separated from others) do not have conflict values.

Il A: (Gnetales + conifers) (other gymnosperms)
B: (conifers including Pinaceae) (Gnetales + other gymnosperms)
| C: (Gpetales + Pinaceae) (other conifers + other gymnosperms)

I) Observed

100 -
80 4!
60 4
40 -

Frequency

Frequency

112



Figure 4. Observed and Hadamard-corrected spectrum of 7pb /. This analysis is done
using the alignment of 9 gymnosperm taxa. Support and conflict values for each split are
shown as positive and negative bars, respectively. Support values for three splits
regarding the relative position of Gnetales to conifers are color-coded. Note that 8
singleton splits (a single taxa separated from others) do not have conflict values.

I A: (Gnetales + conifers) (other gymnosperms)
B: {conifers including Pinaceae) (Gnetales -+ other gymnosperms)
C: {Gnetales + Pinaceae) (other conifers -+ other gymnosperms)
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Figure 5. Observed and Hadamard-corrected spectrum of rpc/. This analysis is done
using the alignment of 9 gymnosperm taxa. Support and conflict values for each split are
shown as positive and negative bars, respectively. Support values for three splits
regarding the relative position of Gnetales to conifers are color-coded. Note that 8
singleton splits (a single taxa separated from others) do not have conflict values.

Il A: (Gnetales + conifers) (other gymnosperms)
B: (conifers including Pinaceae) (Gnetales + other gymnosperms)
C: (Gnetales -+ Pinaceae) (other conifers + other gymnosperms)
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Figure 6. Observed and Hadamard-corrected spectrum of psad. This analysis is done
using the alignment of 9 gymnosperm taxa. Support and conflict values for each split are
shown as positive and negative bars, respectively. Support values for three splits
regarding the relative position of Gnetales to conifers are color-coded. Note that 8
singleton splits (a single taxa separated from others) do not have conflict values.

B A: (Gnetales + conifers) (other gymnosperms)
B: (conifers including Pinaceae) (Gnetales + other gymnosperms)
| C: (Gnetales + Pinaceae) (other conifers -+ other gymnosperms})
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Figure 7. Observed and Hadamard-corrected spectrum of 18S rRNA. This analysis is
done using the alignment of 9 gymnosperm taxa. Support and conflict values for each
split are shown as positive and negative bars, respectively. Support values for three splits
regarding the relative position of Gnetales to conifers are color-coded. Note that 8
singleton splits (a single taxa separated from others) do not have conflict values.

B A: (Gnetales + conifers) (other gymnosperms)
B: (conifers including Pinaceae) (Gnetales + other gymnosperms})
[l C: (Gnetales + Pinaceae) (other conifers + other gymnosperms)
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Figure 8. Support/conflict from spectrum of all genes for relative position of Gnetales to
conifers. This analysis is done using the alignment of 9 gymnosperm taxa. Support and
conflict values for each split are shown as positive and negative bars, respectively.

Il A: (Gnetales + conifers) (other gymnosperms)
B: (conifers including Pinaceae) (Gnetales + other gymnosperms)
] C: (Gnetales + Pinaceae) (other conifers + other gymnosperms)
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Figure 9. Phylogenetic trees from RNA polymerases data set. Trees are made using
Maximum Likelihood (ML) and Maximum Parsimony. Bootstrap supports (100
replicates for ML and 1000 replicates for MP) are shown on each branch. Note that

bootstrap values less than 50 are not shown.
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Figure 10. Phylogenetic trees from chloroplast genes data set. Trees are made using
Maximum Likelihood (ML) and Maximum Parsimony. Bootstrap supports (100
replicates for ML and 1000 replicates for MP) are shown on each branch. Note that

bootstrap values less than 50 are not shown.
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Figure 11. Phylogenetic trees from mitochondrial data set (A, B) and 18S tRNA (C, D).

Trees are made using Maximum Likelihood (ML) and Maximum Parsimony. Bootstrap
supports (100 replicates for ML and 1000 replicates for MP) are shown on each branch.
Note that bootstrap values less than 50 are not shown.
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Figure 12. Phylogenetic trees from combined data set of all genes. Trees are made using
Maximum Likelihood (ML) and Maximum Parsimony. Bootstrap supports (100
replicates for ML and 1000 replicates for MP) are shown on each branch.
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Figure 13. Phylogenetic trees from combined data set of 1+2 codon positions of RNAP
and chloroplast genes and all codon positions of mitochondrial genes and 188 rRNA.

Trees are made using Maximum Likelihood (ML) and Maximum Parsimony. Bootstrap
supports (100 replicates for ML and 1000 replicates for MP) are shown on each branch.
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Figure 14. Maximum parsimony phylogenetic tree from translated amino acid sequences
of all protein-coding genes. Bootstrap supports (1000 replicates) are shown on each
branch. '
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Appendix 1. List of plant species and GenBank accession numbers for genes used in this

study.
Family Species GB.#
rpal rphl rpcl
Amborellaceae Amborella trichopoda AY 490544  AF519541 N/A
Cupressaceae Thuja occidentalis N/A AYA490550  AY490557
Cycadaceae Cycas revoiuta AY490547  AF519535 AY490561
Ephedraceae Ephedra viridis AY490543  AY490554  AY490556
Ginkgoaceae Ginkgo biloba AY490549  AY490553  AY490563
Nymphaeaceae Nymphaea odorata AY490545  AF519540 AY490565
Pinaceae Pinus nigra AY490546  AF519536 AY490560
Podocarpaceae Podocarpus macrophylius  AY490540  AY490552  AY450540
Psilotaceae’ Psilotum nudum N/A AF519542 AY490564
Taxaceae Taxus canadensis AY490541  AY490551  AY490558
Welwitschiaceac ~ Welwitschia mirabilis AY490542  AF518537 AY490555
Zamiaceae Zamia muricata AY490548 AF519534 AY490562
rbcL AtpB
Family Species G.B.# Species G.B.#
Amborellaceae Amborella 112628 Amborella AF235041
trichopoda trichopoda
Cupressaceae Thuja plicata AF127428 Thuja plicata AY 056545
Cycadaceae Cycas revoluta AY056556  Cycas revoluta AY056518
Ephedraceae Ephedra californica  AY056569  Ephedra andina AY056538
Ginkgoaceae Ginkgo biloba D10733 Ginkgo biloba AJ235481
Nymphaeaceae  Nymphaea odorata M77034 Nymphaea odorata AJ235544
Pinaceae Pinus thunbergii D17510 Pinus thunbergii D17510
Podocarpaceae Podocarpus totara AF307931  Podocarpus AJ235567
milanjianus
Psilotaceae’ Psilotum nudum U30835 Psilotum nudum U93822
Taxaceae Amentotaxus 112580 Taxus baccata AJ235619
argotaenia
Welwitschiaceae  Welwitschia mirabilis AJ235814 Gnetum Gnemon™ AF187060
Zamiaceae Zamia inermis 112683 Zamia furfuracea AF188845
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Appendix 1. Continvued

Family

Amborellaceae

Cupressaceae
Cycadaceae
Ephedraceae
Ginkgoaceae
Nymphaeaceae
Pinaceae
Podocarpaceae
Psilotaceae’
Taxaceae
Welwitschiaceae

Zamiaceae

psaA

PshbB

Species

Amborella trichopoda
Sequoia sempervirens
Cycas taiwaniana
Ephedra tweediana
Ginkgo biloba
Nymphaea sp.

Pinus strobus
Podocarpus gracilior
Psilotum nudum
Taxus brevifolia
Welwitschia mirabilis

Zamia pumila

G.B#

AJ344262

AF180012
AF180015
AF180017
AF223226
AJ344280
AJ344296
AJ344297
AF180023
AJ344298
AF180013
AJ344299

Species

Amboreila trichopoda
Sequoia sempervirens
Cycas taiwaniana
Ephedra tweediana
Ginkgo biloba
Nymphaea sp.

Pinus strobes
Podocarpus gracilior
Psilotum nudum
Taxus brevifolia
Welwitschia mirabilis

Zamia pumila

G.B#

AJ347847

AJ347882
AF222697
AF222702
AF222705
AJ347864
AJ347880
AJ347881
AF222707
AJ347883
AF222704
AJ347884
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Appendix 1. Continued

Family

Amborellaceae

Cupressaceae
Cycadaceae
Ephedraceae
Ginkgoaceae
Nymphaeaceae
Pinaceae

Podocarpaceae

Ophioglossaceav:—:1
Taxaceae
Welwitschiaceae

Zamiaceae

atpA

coxi

Species

Amborella trichopoda

Juniperus virginiana
Cycas revoluta
Gnetum ula™

Ginkgo biloba
Nymphaea odorata
Pinus strobus
Podocarpus
macrophyllus
Lycopodium digitatum*
N/A

Welwitschia mirabilis

Zamia furfuracea

G.B.#

AF197711

AF209106
AF20911

AF209109
AF209110
AF209102
AF209108
AF209105

AF209113

AF197618
AF209111

Species

Amborella trichopoda

Juniperus virginiana
Cycas revoluta
Ephedra viridis
Ginkgo biloba
Nymphaea odorata
Pinus strobes

Podocarpus macrophyllus

Ophioglossum engelmannii
Taxus baccata
Welwitschia mirabilis

Zamia furfuracea

G.B#

AF19395z

AF020567
AF02056%
AF02056¢4
AF02056¢
AF02057(
AF02057-
AF02057:

AFQ02057.
AF02057¢
AF(02058:
AF02058:
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Appendix 1. Continued

Family

Amborellaceae
Cupressaceae
Cycadaceae
Ephedraceae
Ginkgoaceae
Nymphaeaceae
Pinaceae
Podocarpaceae
Psilotaceae’

Taxaceae

Welwitschiaceae

Zamiaceae

18S rRNA

Species

Amborella trichopoda
Juniperus chinensis
Cycas taitungensis

Ephedra californica

Ginkgo biloba
Nymphaea sp.

Pinus elliottii

Podocarpus costalis

Psilotum nudum

Taxus mairei

Welwitschia mirabilis

Zamia pumila

G.B.#

U42497
D38243
D85297
U42492
D16448
AF096696
D38245
D38473
X81963
D16445
AF207059
M20017

Note: G.B.# = GenBank accession number, * = Taxon substitution, 1= out group, N/A =
Sequence not available
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Appendix 2. Sequence of primers used in amplifying rpa/ and rpcl and conditions of
PCR

Both rpal and rpcl were amplified in a single PCR reaction using degenerate
primers. A universal primer for region D of the largest subunit of all RNA polymerases
was used as forward primer. The sequence of this primer is: 5' CCI TAY AAY GCI GAY
ITY GAY GGI GAY GAR ATG AA 3'. The reverse primer was designed from region G
of aligned sequences of rpc! and rpal of available taxa (mostly yeast species, plant
seQuences were not available at the time these primers were designed), using a computer
software (CODEHOP, Rose et al. 1998) and manual inspection. The sequence of this

primer is: 5’GCA AAA TGA AAA GTT TTC AGA GTC ATY TGN GT 3’

Gradient PCR (with annealing temperatures of 45, 50 and 55 °C) was done using
800-1000 ng of ¢cDNA, 3 mM MgCl; and 2 units of Taq polymerase for each reaction.
PCR was repeated for 35 cycles of denaturing (94 °C — 1 min), annealing (45 or 50 or 55
°C — 1 min) and extension (72 °C — 1 min). A final extension of 10 min at 72 °C was was
also performed at the end of the 35 cycles. PCR products were separated on an agarose
gel. In majority of cases two - three bands with the approximate size of 1.8 -2.0 kb were
visible. These bands were excised from the gel (individually, when possible), purified

using UltraClean15 kit (MOBIO Laboratories, Carlsbad, CA) and used in cloning.
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molecular evolution of the genes

VA ploymerase I,

II and III |

Abstract

Transcription in all cells is carried out by multi-subunit RNA polymerases. We
studied the pattern and rate of molecular evolution of the genes encoding the largest
subunit of the RNA polymerase I, I and ITI (rpal, rpb! and rpcl, respectively) in seed
plants. Qur phylogenetic analysis clarifies the relationships of these genes and shows that
that rpbI and rpcl share a more recent common ancestor relative to rpal. The
nonsynonymous substitution rate of rpal and rpcl are approximately 4 and 2.5 times
faster than that of 7pb1. This rate is also lower in functional regions of these genes. Most
of the amino acid positions are under high negative selection in rpb! whereas by rpcl
and rpal show increasingly more relaxed selective constraints. The pattern of functional
constraint in these genes is generally in agreement with the known structural properties of
the polypeptides they encode. Regions with important functions have higher functional
constraint. Interestingly, the evolutionary rate of non-synonymous and translated amino

acid sequences of rpal, rpbl and rpcl corresponds to the level of concerted evolution in
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the genes they transcribe. This suggests that the level of concerted evolution may have an

impact on the evolution of the largest subunit of RNAPs.

Introduction

RNA polymerases (RNAPs) are complex multi-subunit enzymes responsible for
synthesizing all cellular RNA molecules in the process of transcription. These enzymes
share conserved regions from bacteria to human (Allison et al. 1985; Iwabe et al. 1991;
Archambault and Friesen 1993). While bacteria and archaea have one RNAP, eukaryotes
have three: RNA polymerase I (responsible for synthesizing ribosomal RNA precursors),
RNA polymerase II (responsible for synthesizing pre-messenger RNA), and RNA
polymerase III (responsible for synthesizing transfer RNAs and 58 ribosomal RNA).
RNAP I, IT and III have 8-14 subunits, the two largest subunits (subunits 1 and 2, subunit
1 being the largest and 2 the second largest) are homologous to the two largest subunits
of E.coli RNAP (B' (Young 1991). There are also three other subunits with shared partial
homologues in bacterial and archacal RNAPs. These five subunits are called core
subunits. The presence of these homologous subunits suggests a conservation of the
function. In fact, the two largest subunits form the catalytic center of the enzyme in
RNAPs. Bacterial RNAP (being the simplest RNAP compared to the eukaryotic RNAP)
has been the focus of most of the studies on the structure and the function of RNAP. A
major progress in understanding RNAP was reached in 1999 by determination of the
crystallographic structure of the bacterial core RNAP (Zhang et al. 1999) and yeast
RNAP II (Fu et al. 1999). By comparing the structures of the largest subunit of yeast

RNAP IT (RPB1) and bacterial (8 and B respectively), Ebright (2000) observed an even
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higher degree of similarity than expected from primary sequence comparison. In addition,
recent outstanding works of Komberg’s group provided a detailed analysis of the
structural basis of transcription in yeast RNAP I (Cramer, Bushnell, and Kornberg 2001;
Gnait et al. 2001). The largest subunit of RNAP contains 8 evolutionary conserved blocks
(known as regions A to H). Figure 1 shows a schematic diagram of the largest subunit of
RNAP. The important functional regions, including the active site and regions of
interaction with other subunits of the enzyme, are also shown on this diagram (this
information is retrieved from Cramer, Bushilell, and Kornberg 2001). In this study we
used the sequence information from region D to region G of the largest subunit of RNAP
I, II and III in seed plants.

The genes encoding the largest subunit of RNA polymerase I, Il and 111 (rpa/,
rpbl and, rpcl respectively) evolved through duplications after the divergence of
prokaryotes and eukaryotes (Iwabe et al. 1991). It is believed that rpb] and rpcl are
evolutionarily closer (Memet, Saurin, and Sentenac 1988) and that rpa/ evolves faster
(Iwabe et al. 1991). However, due to the limited number of available rpal and rpcl
sequences most of the current knowledge on the molecular evolution of eukaryotic genes
encoding the largest subunit of RNAPs was deduced from rpbI sequences. We cloned
and sequenced ~ 1.8 kb of expressed copies of rpal, rpbl and rpcl in all major groups of
seed plants. This data set allowed us to study the molecular evolution of these genes in a
time frame of approximately 300 million years (the approximate divergence time of seed
plants). We show that there is a substantial difference between the evolutionary rate of

rpal, rpbl and rpcl.
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We also studied the selective forces on individual amino acid sites of these three
genes. It is widely known that the number of non-synonymous (amino acid changing)
substitutions (Ka) per site divided by the number of synonymous (silent) substitutions
(Ks) per site can reflect the evolutionary selective forces on a molecule (this ratio is
called ®). A ratio of 1 indicates neutrality, a ratio >1 shows a probable positive selection
and a ratio <1 shows purifying (negative) selection. Yang (Yang and Nielsen 2000; Yang
et al. 2000) developed a maximum likelihood approach based on codon substitution
models for estimating the posterior probability of o categories for individual sites of an
alignment. Using this approach, we show that a rather uniform and extremely negative
selective pressure is imposed on rpb!. rpal and rpcl, however, although mostly under
negative selection, do not follow the same pattern and show regions with less or even
relaxed functional constraints. We compared this information with known functional

information derived from yeast rpb/ structure (Cramer, Bushnell, and Kornberg 2001).

Materials and methods

Table 1 shows the list of genes and seed plant species used in this study. Cloning
and PCR conditions were described elsewhere (see Chapters 2 and 4). Sequences of each
gene were aligned at the amino acid level using ClustalW (Thompson, Higgins, and
Gibson 1994). These alignments are shown in Appendix A. To build a phylogenetic tree
of all rpal, rpbl and rpcl genes, we also aligned all three genes together. Three bacterial
RNAP (B’ subunits) were used as out groups. This alignment is shown in Appendix A4.

The nucleotide sequences were aligned based on the amino acid sequence. We used
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MEGAZ2 software (Kumar et al. 2001) to perform G+C analysis, measure substitutions
and to build phylogenetic trees. The number of synonymous (Ks) and non-synonymous
(Ka) substitutions were calculated using the method of Pamilio-Bianchi-Li (Pamilo and
Bianchi 1993). Amino acid distances (Kaa) were calculated according to a Poisson
correction (Nei and Kumar 2000).

The PAML software (Yang 1997) was used to conduct site specific maximum
likelihood analysis of . The likelihood model M8 (with 11 o categories) was used for
the analysis. This model resulted in the highest log likelihood for each data set and was
chosen because it provides the largest number of © categories. We also examined the
pattern obtained from a simpler model (M3, with 3 ® categories) with no apparent
difference (results not shown). Posterior probability values for o categories were entered -
in a spread sheet and was color coded based on the variation obtained in each gene. We
color coded different ranges of  to be able to visually compare different levels of
conservation/selection on each amino acid position in each gene. ® categories smaller

than 0.1 were coded yellow, 0.11 £ @ £ 0.2 were coded blue, 0.21 < w <0.35 were

coded green, 0.36 < @ < 0.6 were coded orange, and @ > 1.05 were coded purple.

Results and discussion

A gene phylogeny of rpal, rpbl and rpcl genes

Figure 2 shows a neighbor joining phylogenetic tree based on aligned rpal, rpbl

and rpcl translated amino acid sequences from 13 plant taxa and three bacterial RNAPs
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(B'subunits) as outgroups. This tree shows’that rpal, rpbl and rpcl are all monophyletic.
It also shows that rpb] and rpcl share a more recent common ancestor with one another
than with rpal. This branching order is supported by high bootstrap values and did not
change as a result of changing the phylogenetic inference method or of using nucleotide
sequences (results not shown). The branches leading to rpbl sequences are generally
shorter than those leading to rpaf and rpcl sequences, suggesting that rpbl genes evolve
more slowly than rpal and rpcl genes. Contrary to what we obtained, a consensus
branching order for these three genes does not exist in the literature. Memet et al. (1988)
showed that these three genes share a common ancestor and that rpb] and rpcl are closer
to one another than to rpal. Iwabe et al. (1991) refuted this view and suggested that
although these genes share a common ancestor, rpal is closer to 7pb! than either are to
rpcl. A more recent study by Klenk et al. (1995) did not reach a consensus on the
branching order of these genes, but generally supported the closeness of rpb ] and rpcl.
These studies, however, were all done with a small sampling of genes, specially rpal and
rpcl (for example, the largest data set included 4 rpcl and 5 rpal sequences). Klenk et
al. (1995) pointed out this problem and concluded that larger number of sequences would
be needed to solve it. Qur data set solves this problem and shows that the rpbJ and rpcl

genes are more closely related to one another than to rpal genes.

G+C analysis of rpal, rpbl and rpcl

The average %G+C content of rpal, rpbl and rpcl are 41.6 (1.0 SD) 42.1 (0.7

SD) and, 41.8 (0.7 SD), respectively. The average %G+C for each codon position is
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shown in Figure 3. We plotted the %G+C at each codon position against %G+C of the
gene, to see the effect of the G+C content of genes on the G+C content of codon
positions. Since substitutions in the 1* and 2™ codon positions often lead to amino acid
changes, a change in G+C content of the gene can influence the protein encoded by the
gene. Our results show that this influence is minimal for rpal, rpb! and rpc! (Figure 3).
However, the increase in the G+C content of the gene increases the %G+C at the 3™

codon positions in rpal, rpbl and rpcl (Figure 3).

Comparing rates of molecular evolution of rpal, rpbI and rpcl genes

Table ! shows that the length of the region D to G of rpal, rpbl and rpcl shows
different levels of conservation. The length of region D to G of rpb! genes is highly
conserved in seed plants (average length of 1752.3 and SD of 2.5; only one gene is
shorter by 9 nucleotides). The length of region D to G of rpc/ genes is less conserved
(average length of 1617.7 and SD of 40.2). For example, the length is identical in six
gymnosperm species, but is 6 nucleotides shorter in the three closely related conifers
species (Taxus, Podocarpus and Thuja). However, the length of region D to G of rpel is
different in 4 angiosperms. The length of region D to G of rpal is not conserved in seed
plants (average leﬁgth of 1641.7 and SD of 61.1; the length is identical only in Amborella
of angiosperms and Ginkgo of gymnosperms, which are not closely related). The
difference in sizes of rpcl and rpal genes is due to indels. The greater number of indels

in these two genes is consistent with their faster rate of evolution (see below).
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We computed all pairwise synonymous (Ks), non-synonymous (Ka) and amino
acid (Kaa) distances for rpa, rpb! and rpc! genes (see Appendix B). Table 2 compares
the mean evolutionary distances for each gene. Clearly, rpb/ is the most conserved and
slowest evolving (with a Ka of 0.06 and a Kaa of 0.1 substitutions per site), and rpal is
the most variable and fastest evolving (with a Ka of 0.24 and a Kaa of 0.38 substitutions
per site), The difference between the Ka of these three genes is striking. rpc/ has a Ka
about 2.6 times, and rpal has a Ka 4 times, higher than rpbl. A similar result is evident
from comparing Kaa of these three genes. However, the synonymous substitutions of
these genes do not show much difference (Table 2). Our results are in line with the only
available study (Iwabe et al. 1991) that suggested a faster evolutionary rate for rpal.
However, Iwabe et al.’s (1991) data set included only the sequences of rpal, rpbl and
rpel from yeast. The high level of conservation in rpbI genes and the lack of sequences
of rpal and rpc! from many species, has contributed to speculating a high evolutionary
conservation for all RNA polymerases (Cramer, Bushnell, and Kornberg 2001). Our
results shows that this generalization is not appropriate when comparing RNAP I, I and
III between eukaryotes from a relatively large phylogenetic range.

To compare the evolutionary rate of different parts of region D to G of rpal, rpbl
and rpcl, we estimated Ks, Ka and Kaa of each conserved region and the regions in
between them (Table 3; Figure 4). Ks values do not show a large variation between
different regions and different genes (Figure 4A). This suggests that the rate of
synonymous substitutions is relatively uniform in different parts of these genes.
However, Ka and Kaa values, while in agreement with each other, show a large variation

in different regions (Figure 4B and C, respectively). Region F and region F-G have the
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lowest and the highest rate of non-synonymous and amino acid substitutions per site in all
three genes, respectively. Interestingly, the degree of nonsynonymous and amino acid
variation is not the same between different regions of these genes. For example while the
Ka value of the region F of rpal is 3 times larger than the Ka value of the same region in '
#pbl, the Ka value of the region D-E of rpal is 13 times larger than the same region in
rpbl (Figure 4B). Interestingly, region D-E in 7pal has an insertion of about 17 amino

acids that does not exist in the other two genes.

Studying selective forces on each site

Figures 5, 6 and 7 show the results of maximum likelihood analysis of o for each
amino acid position for rpal, rpbl and rpci respectively. Figure 5 shows that rpb] is
more or less uniform under strong negative selection. A majority of the amino acid
positions of this gene have © <0.08 and positions with higher @ belong to the » < 0.189
category (Figure 5). There is only one position which belongs to the @ = 1.064 category,
suggesting that this site is evolving neutrally. A different pattern is observed in rpal and
rpel sequences. Figure 6 shows the result obtained for rpcl. rpcl is under negative
selection in most of its amino acid positions (yellow color in Figure 6), but there are also
sites which belong to higher @ categories. There are also several amino acid positions
which belong to the @ = 1.058 category. Sites with lower functional constraints are in fact
far from region D, which is known to contain the active site of the RNAPs. The largest
number of sites with low/relaxed negative selection is close to the region G of the

enzyme. Figure 7 shows that rpal is even under a lower level of negative selection.
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Although there are regions with a high degrec of negative selection, there are also many
sites that belong to higher o categories (i.e., ®=0.584; orange color in Figure 7). There is
also one site which belongs to the ®=14.423 category, suggesting a probable positive
selection at this position. This site is in the position 364 of the alignment of rpal (See
Appendix A). It is located in between the conserved regions E and F. In yeast RPBI, this
region is shown to be involved in the interaction with the subunit RPBY of the enzyme
(see Figure 1). This site contains a variety of different amino acids in different plant
species (it is only the same in three species: Zea and Oryza from angiosperms and
Ephedra from gymnosperms). However, based on the Taylor’s physiochemical
classification (Taylor 1986), the amino acids at this position mostly belong to the polar
class (except glycine in Zamia and cysteine in Pinus which are classified as tiny and

small amino acids respectively).

Linking evolutionary constraint to structural properties

Figure 8 compares the pattern of evolutionary functional constraint in rpal, rpbl
and rpcl. It also shows the map of the well-conserved regions D to G. Here we compare
this evolutionary functional constraint with what is known about the structural properties
of the region D to G of the RNAPs (Cramer, Bushnell, and Kornberg 2001). Region D
contains the active site of the enzyme, i.e., the three metal binding aspartate residues
(invariant in all RNAPs, Cramer 2002). We only obtained the sequence of the active site
in 7pb1, and in fact in the other two genes we used this invariant part to amplify the genes

(it was part of the primer used for PCR and is therefore not included in our alignment of
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rpal and rpcl). Region D-E is not functionally important in RPB1 of yeast (Cramer,
Bushnell, and Kornberg 2001). This region is functionally less constrained in RPA1 and
RPC1 than RPBI1. Region E is important for interaction with subunit RPB8 of the
enzyme (Figure!). This subunit is common between the three RNAP I, I and III (they all
use the same subunit, Cramer 2002). Interestingly sequence elements of region E are
under strong functional constraint in rpal, rpbl and rpcl (Figure 8, compare the middle
part of the region E in the three profiles). The region in between conserved regions E and
F is involved in interaction with subunits RPB2 and RPBY (Figure | and, Cramer,
Bushnell, and Kornberg 2001). These two subunits are not common between the three
cukaryotic RNAPs (Cramer 2002). RPB2 is among core subunits (homologues in all
RNAPs) and its homologues in RNAP I and III are known (Cramer 2002). The region of
interaction with RPB2 is under strong functional constraint in the rpb/ profile. The same
part in the rpcl and rpal profiles is under high functional constraint, suggesting that this
region, just like in 7pb], might be functionally important in interacting with other
subunits of RNAP I and III. The region of interaction of RPB1 with RPBY
(approxiinately between residues 200 — 260 on the alignment, see Appendix A4 and
Figure 1), however, is under less functional constraint in 7pal and rpcl. Interestingly,
RPB9 is neither a common nor a core subunit. It was suggested that RPB9 has an
important role in straitening the DNA (before binding to the enzyme ‘and melting to make
a transcription bubble) in the initiation phase of the transcription (Cramer, Bushnell, and
Kornberg 2001). Since the segment of interaction with RPB9 (which is not located in the
homologues regions A to H of all RNAPs) is under a high degree of functional constraint

in rpbl and the same region in rpc! and rpal is not under the same high functional
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constraint, there might be different structural/functional properties for this region in rpcl
and rpal.

Region F is the largest conserved region in the largest subunit of RNAPs. This
region is important becéuse it forms a key functional part of the enzyme called the bridge.
In the 3D structure of the RNAP, bridge is close to the active site and is responsible for
ordering the DNA template strand, by binding to it, before the active site starts
transcribing (Cramer, Bushnell, and Komberg 2001; Cramer 2002). In fact, this region is
under a high degree of functional constraint in rpal, rpbl and rpcl (Figure 8, compare
block F in three panels). The segment between conserved regions F and G is not
considered to be a functionally important part of the RNAP structure and the pattern of
functional constraint in Figure 8 agrees with this (compare region between regions F and
G in three panels).

In conclusion, the pattern of evolutionary functional constraint in the region D to
G of rpal, rpbl and rpcl generally agrees with known structural properties of this part of
RNAP. However, regions in between the conserved regions are functionally less
constrained. One region with known functional properties in RNAP II, is not functionally
constrained in RNAP I and III (the region between regions E and F), suggesting a
probable difference in the function/structure of this region in RNAP I and III when

compared with RNAP I1.
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Putting it all together

The evolutionary functional constraint clearly follows known structural properties
of the RNAPs. However, there remains an important question: why do these three
enzymes (with the same functional domains) evolve with three different rates? Our
analysis of 300 million years of evolution of these molecules in seed plants, with a
uniform sampling (the same species were used to avoid organism specific molecular
evolution), allowed us to clearly show that rpal and rpcl are approximately evolving 4
and 2.6 times faster (at non-synonymous sites of the D-G region; see Table 2) than rpbl,
respectively. Although we see a strong negative selection in the most important
functional parts of these genes, rpal and rpcl are functionally less constrained in
comparison with rpbi.

We think there might be a link with the type of genes that each RNAP transcribes
and their rate and pattern of molecular evolution. RNAP II is responsible for mRNA
synthesis of protein-coding genes, whereas RNAP I transcribes ribosomal RNA genes
and RNAP III transcribes tRNA and 58S ribosomal RNA genes. It is widely known that
tRNA genes undergo frequent exchanges (e.g., through unequal crossing over and gene
conversion), which leads to their concerted evolution (Dover 1982; Arnheim 1984).
These mechanisms therefore lead to the fixation of species specific substitutions in the
promoter region of genes evolving in concert. This phenomenon could therefore explain
why a human protein-coding gene can be readily transcribed using a yeast promoter,

whereas, an TRNA gene from one species cannot be transcribed in another species (e.g.,
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from mouse to human). Dover and Flavell (1984) suggested that RNAP I has to adapt to
the accelerated rate of evolution of IRNA promoter brought about by their concerted
evolution. 58 rRNAland tRNA genes are also known to evolve in a concerted fashion
(Amstutz et al. 1985; Drouin and Moniz de Sa 1995) but likely more slowly than tRNA
genes because they are often found dispersed throughout the genome whereas rRNA
genes are most often found in a few cluster of tandemly repeated genes containing dozens
to hundreds of genes. In contrast, the promoters of protein coding genes (transcribed by
RNAP II) will not evolve fast due to concerted evolution because they are found
upstream of different genes. The proteins involved in transcribing TRNA and tRNA
genes, are therefore expected to evolve faster than those involved in transcribing protein
coding genes. For example Heix and Grummt (1995) and Heix et al. (Heix et al. 1997)
have shown that the transcription factors of RNAP I, are species-specific (Heix and
Grummt 1995; Heix et al. 1997). They suggest that subtle differences in the interaction of
transcription factors with species-specific elements and components of the transcription
apparatus are the major factors in the species specificity of rDNA transcription (Heix and
Grummt 1995). Our results show that the rate of evolution of the largest subunit of RNAP
1, II and III is correlated with the amount of concerted evolution in the genes they
transcribe. In other words, 7pal and rpcl (with a lower degree) evolve (change) more
rapidly than rpb] to adapt to the concerted changes in the promoter regions of the genes
they transcribe.

While our data set allowed us to compare a functionally important part of the
largest subunit of RNAPs in several taxa, it lacks sequence information from other

important parts of the RNAPs complex molecule. For example, region A in the largest
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subunit of RNAP 11 is known to be involved in interaction with transcription factors
(Cramer et al. 2001, 2002) and it would be interesting to compare its evolution in RNAP

I, T and I
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Table 1. Names and length (in nucleotides) of region D-G of the rpal, rpbl and rpc!

genes used in this study

Plant group Species rpal rpbl rpel
Angiosperm  Amborella trichopoda AmbA1(1605) AmbBI(1753) N/A
Angiospermi  Arabidopsis thaliana AraAl1(1668) AraB1(1753) AraCi1(1584)
Angiosperm  Drimys winteri DriAl(1602) N/A DriC1(1614)
Angiosperm  Nymphaea odorata N/A NymB1{1753) NymC1(1602)
Angiosperm  Oryza sativa OryA1(1794) OryB1(1753) OryC1(1611)
Angiosperm  Zea mays ZeaAl(1743) N/A N/A
Gymnosperm  Cycas revoluta CycAl1(1620) CycB1(1753) CycCl(1611)
Gymnosperm Ephedra viridis EphA1(1581) EphB1(1753) EphCi(1611)
Gymnosperm  Ginkgo biloba GinAl1(1605) GinB1(1753) GinC1(1611)
Gymmosperm  Pinus nigra PinA1(1641) PinB1(1753) PinCI1(1611)
Gymnosperm  Podocarpus macrophyllus PodA1(1629) PodB1(1753) PodC1(1605)
Gymnosperm  Taxus canadensis TaxA1(1614) TaxB1(1753) TaxC1(1605)
Gymnosperm  Thuja occidentalis N/A ThuB1(1753) ThuC1(1605)
Gymnosperm Welwitschia mirabilis WelA1(1608) WelB1(1753) WelCi(1611)
Gymnosperm Zamia muricala ZamA1(1632) ZamB1(1744) ZamC1(1611)
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Table 2. Nucleotide and amino acid variation and mean synonymous (Ks), non-
synonymous (Ka) and amino acid (Kaa) distances.

%nuc Yonuc %aa %aa
Gene con var con var MeanKs+S8E MeanKa+SE Mean Kaa=+SE

rpal 34 66 381 619 1.430+0.050 0.244+0.012 0.383x=0.021
rpbl 55 45 71.6 284 1.277+0.048 0.061+0.005 0.101+0008
rpcl  40.2 59.8 46.2 53.8 1.323£0.050 0.159+0.010 0.256x0015

Notes: nuc= nucleotoide; aa= amino acid, con= conserved; var= variable; SE= standard
error calculated by bootstrapping (100 replicates)
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Table 3. Positions of conserved regions E, F and G and regions in between them (D-E, E-
F, F-G) on the alignment of translated amino acid sequences of rpal, rpb/ and rpcl. See
appendix A for the alignments. Numbers for each region correspond to starting and
ending amino acids.

D-E E E-F F F-G G

rpal 7-92 93-130 131-420 421-528 529-640 641-664
pbl 7-69 70-108 109-257 258-365 366-558 559-3585
pel 7-69 70-109 110-271 272-409 410-547 548-584
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Figure 1. A schematic diagram of the largest subunit of RNAPs. Conserved regions A-H,
active site and important interacting regions are shown.
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Figure 2. Phyloegentic tree of rpal, rpbl and rpcl genes in seed plants and three
bacterial B' subunits as outgroups. The tree was reconstructed from translated amino acid

sequences using the neighbor joining method (with distances calculated using a Poisson
correction). Bootstrap values are shown on major branches of the tree.
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Figure3. (A) G+C analysis at each codon position. (B) Average %G+C at each codon
positions =+ standard error.
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Figure 4. Comparison of the mean number of amino acid (Kaa}, non-synonymous (Ka)
and synonymous (Ks) substitutions in conserved regions E, F and G and regions in
between (D-E, E-F, F-G). Note that region G is partial. Error bars represent standard
errors calculated using bootstrapping (100 replicates).
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Posterior probability

Figure 5. Site-specific pattern of evolutionary functional constraint for region D-G of
rpbl. Indels are removed from the analysis.
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Figure 6. Site-specific pattern of evolutionary functional constraint for region D-G of

rpcl. Indels are removed from the analysis.
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Figure 7. Site-specific pattern of evolutionary functional constraint for region D-G of

rpal. Indels are removed from the analysis.
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Selecting genes for phylogenetic analysis

The issue of selecting genes (sequence information) for phylogenetic analysis is
important but not very well studied. Traditionally, workers have used the sequences of
genes that were easier to obtain such as rRNA genes (which are present in numerous
copies in most genomes). However, a single gene cannot usually provide phylogenetic
resolution for different divergence levels. In addition, a single gene phylogeny might be
misleading because of biases and peculiarities that can influence the phylogenetic signal
in a certain gene. For example, it has been shown that organism specific molecular
evolution, such as GC bias can influence phylogenies at DNA and amino acid levels (e.g.,
Foster and Hickey 1999). The issue of selecting genes is also coupled with the limitations
in the methods of analysis. For example, the popular method of maximum parsimony can
be misleading when the sequences evolve rapidly and undergo multiple substitutions.

A reasonable strategy for addressing phylogenies has been to combine sequences
of different genes and to make large data sets with phylogenetic signal for different
divergence levels. This approach has been helpful in resolving several phylogenetic
issues in recent years. However, there are still no objective criteria for selecting and
combining genes for phylogenetic analysis. Normalized splits (NS), is an attempt in using
spectral analysis for selecting and combining genes and gene partitions for addressing a
certain phylogenetic problem. This method is interesting because spectral analysis does
not make several assumptions about the data and is done independently of any
phylogenetic trees. Qur results with this method show its effectiveness for finding genes
with noisy data partitions. A method like NS can give us an initial assessment of the

noise in the genes and their partitions. We can later decide on choosing data partitions
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that are less noisy or to use a method of analysis that better fits the sequences with high
noise (e.g., maximum likelihood with a probabilistic model). We have tested the NS
method in two phylogenetic analyses of plants with successful results (Chapters 3 and 4).
Testing this approach in other phylogenetic systems, especially those with known

branching orders, can help in further evaluating this approach.

Criticizing NS

A potential problem with NS is caused when there are a large number of invariant
sites in a sequence data set. For example for 4 taxa a data set containing 5 variable sites
(producing 5 splits) and 495 invariant sites gives an NS of 0.01 whereas a sequence data
with 2 variable sites (producing 2 splits) and 18 invariable sites gives an NS of 0.1.
Although the former sequence data is noisier than the later, but its invariable sites can
lead a smaller NS (lower noise). To address this problem we used two other measures:
calculating NS by dividing the number of splits by the number of variable sites (NS-V),
as the source of splits, and using the number of splits from each data set without
normalizing them. Figure 1 compares the result we obtained using these new measures
using a data set of 9 genes (and their partitions) used in Chapter 4 for seed plant
phylogeny. NS-V did not seem to vary greatly between genes and partitions. It is unlikely
that this measure can be useful for selecting genes and partitions for phylogenetic studies.
On the other hand, the total number of splits, greatly varies between different data sets
and data partitions. For example the third codon positions of nuclear RNA polymerase

genes show a much higher number of splits and possibly a greater level of noise
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comparing to first and second codon positions. This is in agreement with a higher rate of

substitution in third base of codons (see Chapter 4).

Building a data set for addressing seed plant phylogeny

Most of the genes that have been used in addressing plant phylogeny are from
organellar genomes or ribosomal genes. RNA polymerases were selected as a new line of
evidence and to address the lack of an extensive data set from nuclear protein-coding
genes. Other studies had shown that RNA polymerases are excellent phylogenetic
markers (i.e. Nickerson and Drouin in press; Stiller and Hall 1997; Hirt et al. 1999;
Stiller, Riley, and Hall 2001). We selected the largest subunit of three nuclear RNA
polymerases I, II and ITI (rpal, 7pb1 and rpcl) because these genes evolve with different
rates, which allows covering a wide divergence range. These three genes are also
technically easy to PCR amplify, clone and sequence. The focus of our sampling was to
obtain rpal, rpbl and rpcl genes from all seed plant groups to address seed plant
phylogeny, in general, and to assess the recently proposed Gnepines hypothesis, which
places Gnetales within conifers and as a sister group to Pinaceae. Therefore, we
sequenced and cloned these genes in representatives of all major groups of seed plants
(angiosperms, and four gymnosperms: conifers, cycads, Ginkgo and Gnetales) as well as
4 major groups of conifers (Taxus, Podocarpus, Thuja and Pinus) and two groups of
Gnetales (Welwitschia and Ephedra). To compare and combine with RNA polymerase
data set, we also gathered available sequence information from chloroplast, mitochondria

and 18S rRNA genes.
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While the focus of this work was major seed plant groups, our study offers insight
in the phylogenetic utility of rpal, rpbl and rpcl. Our evolutionary rate analysis
confirms that 7pb1 is the slowest evolving of these three genes. Therefore, its sequence
information should be useful in resolving deep branches of plant phylogeny such as the
relationships of liverworths, ferns, gymnosperms and angiosperms. We found that rpcl
and rpal evolve faster than rpb, and their sequences should be more useful than rpb/ in
resolving relationships of closely related groups (such as different angiosperms groups

which diverged less than 100MYA).

Seed plant phylogeny and the position of Gnetales resolved

The major phylogenetic question that was addressed in this thesis was the position
of Gnetales. This issue has been debated for several decades and amid several recent
molecular studies, it is still controversial. Our phylogenetic analyses provided a well-
supported phylogeny for seed plants. In this tree, gymnosperms and angiosperms are
monophyletic, the Gnepines hypothesis is supported (Gnetales are nested within conifers,
as a sister group to Pinaceae), cycads are the first branch of gymnosperms, and Ginkgo is
grouped with a branch leading to conifers+Gnetales. Using NS analysis and evolutionary
rates, we found that the third codon positions of RNA polymerase genes and chloroplast
genes have encountered multiple substitutions at the divergence level of seed plant
phylogeny. Therefore, these data partitions are not appropriate for resolving seed plant
phylogeny especially in the maximum parsimony criterion (see above). Comparing this
observation with recent studies in plant phylogeny make us believe that the choice of

genes (or partitions of genes) in combination with the method of analysis are the major
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causes of discrepancies in recent phylogenetic studies of seed plants. As was originally
proposed by Felsenstein (1978), we firmly believe that the use of maximum parsimony

should be cautioned when data partitions have encountered multiple substitutions.

Molecular evolution of RNA polymerases

We addressed molecular evolution of the largest subunit of RNA polymerases
using the sequence data set of rpal, rpbl and rpcl in seed plants. A phylogeny of these
genes revealed that they share a common ancestor and that rpc/ and rpb] are closer. We
showed that these genes evolve with different rates at non-synonymous sites and amino
acid level. rpal evolves faster followed by rpc! and rpbl. The evolutionary rates are
slower in the regions that have important functional properties. We also studied the level
of functional constraint in each amino acid position of these molecules using a maximum
likelihood analysis of the ratio of non-synonymous to synonymous substitutions (Yang
and Bielawski 2000). We compared the pattern of evolutionary functional constraint with
functional properties of the same region of RNAP (known from the crystallographic
structure). Interestingly, our evolutionary map corresponds to the structural map. Regions
with important functions are under higher negative selection. However, the level of
negative selection is lower in rpal and rpc/ than in rpbl. Our data set included a
functionally important part of these genes (region D-G; see Chapter 1, Figure 1) in seed
plants. It will be interesting to study the molecular evolution of these genes using the

sequence of complete genes and in other groups of organisms.
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Is the concerted evolution a driving force in the evolution of rpal, rpbl

and rpcl?

Concerted evolution is a common phenomenon in rfRNA and tRNA genes. It is
caused by recombination and it leads to homogenization of IRNA and tRNA genes in the
genome of a species. This makes the promoter signals of the rRNA and tRNA genes
evolve faster. However, concerted evolution does not accelerate the evolution of
promoters of protein-coding genes because their promoter signals are found upstream of
different genes. Dover and Flavell (1984) suggested that RNAP T has to adapt to the
accelerated rate of evolution of IRNA promoter brought about by concerted evolution. If
this idea is correct, the proteins involved in transcribing rRNA and tRNA genes, are
therefore expected to evolve faster than those involved in transcribing protein coding
genes. It has been shown that the transcription factors of RNAP I are species-specific
(Heix and Grummt 1995). Our study showed that the evolutionary rates of rpal, rpbl and
rpel are positively related with the amount of concerted evolution in the genes they
transcribe. This suggests that 7pal and rpc! evolve (change) more rapidly than rpbl to

adapt to the concerted changes in the promoter regions of the genes they transcribe.
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f normalized splits (NS, panel A), normalized splits using variable sites (NS-V,
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Figure I. Comp

panel B) and total number of splits (panel C) from 9 genes and their partitions. NS, NS-V and number of

splits were calculated using the direct encoding method in the Spectronet program.
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Figure 1. Continued
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