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The precise phylogenetic relationships among the major lineages of terrestrial 

plants remain uncertain. Small-subunit ribosornal RNA gene sequences were used to infer 

a molecular phylogeny of al1 major groups of land plants and contribute to the 

understanding of the evolutionary events underlyiag the transition from algal anceston t o  

land Bora. Emphasis was placed on the phylogenetics of lower plants, with a speQal 

focus on bryophyte phylogeny. A well-constructed set of rDNA sequences from 

representative green plant taxa was accomplished through fiiling out gaps in the available 

data by sequencing rDNA in five additionai taxa from a range of lower plants. Only 

sequences which are relatively e m r  free and at least 93% cornplete were included. The 

alignment of the nuclear-encoded rRNA sequences was achieved using secondary 

structure information. The aligneci sequences were subjected to both character and 

distance based methods of phylogenetic analysis. n e  results of this study suggest that 

18s rDNA sequence data do not contain suffjcient phylogenetic signal to resolve the 

relationship of the bryophytes amongst themselves or to other lower plants. A well 

constructeci set of representative taxa from most major plant groups coupled with 

complete 18s rDNA sequence, the most appropriate alignmen~ and exhaustive 

phylogenetic analyses fail d l  to provide clusters with reasonable confidence as measured 

by bootstrap or decay analysis. Evidence for the lack of phylogenetic signai to resolve 

deep phylogenetic branches among lower plants is demonstrateci by low confidence 

values in the phylogenetictreesregardless ofthe method employed. Further support for 

this contention is provided with analysis using random tree-length distribution and by 

phy logenetic analyses wi th di fferent categories of sites cl assi fied according to substitution 

rate calculations. The graphical di splay of relative substitution rate variabili ties using the 

lower plant 18s rRNA variability mode1 display s the extent of conservation of the 18s 

rRNA gene sequence among the lower plants. 
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1. INTRODUCTION 

The reconstruction of deep phylogenetic relationships arnong lower land plants is 

necessary for elucidating important events in the evolution of green plants and especially 

green terrestrial plants. Plants are defined here to include a broad assemblage of 

photosynthetic organisms that dl contain chlorophylls a and b, store their 

photosynthetic products as starch inside the chloroplasts, and have cell wdls made of 

cellulose (Raven el al., 1992). This assemblage is compited from several thousand 

classically-defined green algae and several hundred thousand land plants. 

Two major limages of plants have been placed in a single monophyletic group, the 

subkingdom Chlorobionta (Bremer, 1985). This study has focused on the evolution of 

one of these major Iineages which includes land plants and closely related 'green algae'. 

This lineage of green plants has been called the Streptophytes (Bremer, l98S), and 

consists of some organisms conventionally considered green algae plus the more familiar 

green plants found mostly on land. Traditionally, the green algae in this lineage are 

included in the Class Charophyceae, but some members of this class are related more 

closely to higher plants than to other members of the class (Mattox and Stewart, 1984; 

Mishler, 1985; McCourt, 1995; Melkonian and Surek, 1995). Specifically, Chara and 

related algae (Order Charales) and Coleochete and rel ated algae (Order Coleoc haetdes) 

are probably the closest living 'green algal ' relatives of land plants. 



Ultrastructural and morphologicai studies were the first to support the 

relationship of these orders of green aigae to land plants (embryophytes) (Picken-Heaps, 

1975; Mishler, 1985; Graham ei d, 199 1). These orders of green algae have been placed 

in the Class Charophyceae (Mattox and Stewart, 1984), and recent analyses suggests that 

the Charophyceae is a paraphyletic group with the orders circumscribed within it being 

placed at the base of the Streptophyta lineage (Bremer, 1985; McCourt, 1995; Surek et 

al-, 1995). Some of the more recent molecular shidies corroborate earlier cladistic 

anai yses based on ultrasmichirai and biochemical data (Mishler and Churchill, 1 985) 

which propose that the 'charophycean' algae, specificaily Coleochaetales, are closest to 

the embryophyte clade manz r i  al., 1995). 

Although there is considerable evidence supponing the evolution of land plants 

from these green algd ancestors (C hapman and Buchheim, 1 99 1 ; Surek et al., 1 993 ; 

Bhanacharya ei al., 1994; Mishler et al., 1994; Kranz et al.. 1999, the precise 

relationships amongst major land plant groups are still unclear. The evolutionary 

transition from algal anceston to land flora will be understood best with elucidation of the 

phylogenetics of lower plants. Bryophyte genealogy is believed to be of paramount 

importance in understanding this evolutionary transition (Hedderson et a[., 1996). 

Studying bryophyte phylogeny should provide insight into the evolutionary events 

underlying the colonization of the terrestnal habitat and. furthemore, will help with the 

differentiation of major lower plant limages. 

Bryophytes consist of approximately 18,000 species which are traditionally 

defined to three major groups; namely hornworts (Anthoceropsida), liverworts 



(Hepaticopsida), and mosses (Byropsida). Recent analyses, using diverse data sets, 

suggest that the phylogenetic position of bryophytes is between the green algd ancestors 

of the land plants and the tracheophytes or vascuiar plants (Mishler el al., 1984; Bremer, 

1985; Bremer cr al., 1987; Raubeson et al., 1992; Waters et ai., 1992; Garbary ri al., 1993; 

Mishler ri  al., 1994). Over the past two decades, several phylogenetic studies have 

focused on the relationships among the three main groups of bryophytes and have 

utilized morphological, ultrastructural and molecular data (Renzaglia, 1978; Crandall- 

Stotler, 1980, 1 986; Mishler and Churchill, 1984, 1985; Schuster, 1984; Schofield, 1985; 

Duckea and Renzaglia, 1988; ~Mshler et al., 1992; Waters ri al., 1992; Garbary rr al., 

1993; Mishler ei al., 1994; Kranz et al., 1995; Bopp md Capesius, 1995,1996; Hedderson 

er al., 1996). 

Despite these efforts, there is no clear consensus as to the relationships arnong the 

three main groups of the bryophytes. Cladistic analyses of combined morphological, 

ultrastrucairal, and biochemical data have implied that the bryophyte clade is a 

paraphyletic assemblage with the Byropsida a sister group to the tracheophytes, the 

Anthoceropsida a sister group to the Byropsida-tracheophyte lineage, and the 

Hepaticopsida as basai group among the land plants (Mishler and Churchill, 1984, 1985). 

Investigations using characters derived from male gametogenesis suggest different 

relationships, in which bryophytes are a monophyletic group with Anthoceropsida a 

sister group to a Byropsida-Hepaticopsida lineage (Garbary et al., 1993). The bryophyte 

clade is proposed to share a common ancestor with the Lycopodopsida group, and this 



monophyletic bryophyte-Lycopodopsida clade is a sister group to the rernaining land 

plants. 

In recent years, the sequences of the small-subunit ribosomal RNA genes have 

been used increasingl y to investigate plant evolution (Hamby and Zimrner, 1992). 

Investigation of these nuclear genes has provided evidence for their potential phylogenetic 

usefùlness at the deeper hierarchical levei (Zimmer et al., 1989; Kantz et d., 1990; 

Zechman et al., 2990; Hillis and Dixon, 199 1; Lewis el al., 1992; Waters et al., 1992; 

Wilcox el al., 19%; Ashton et al., 1994). Analysis of these gent: sequences has been 

applied to the study of bryophyte phylogeny. and prelirninary results place an 

Anthoceropsida-Byropsida clade as a sister to the tracheop hytes with the Hepaticopsida 

remaining basai to the other land plants (Waters et al., 1992). However, the topology of 

Mishler and Churchill (1984, 1985) can be irnposed upon the rRNA tree of Waters et al. 

(1992) by increasing tree length by a single step. Cladistic analyses of the green plants 

that combine and compare avai lable morphological and molecular data sets have resul ted 

in poorly resolved phylogenies (Mishler et al., 1994). A more comprehensive analysis to 

determine the origin of land plants using complete small-subunit ribosomal RNA gene 

sequences found confiicting resolutions depenâing on phylogenetic rnethods employed 

(Kr= et al., 1995). This study found maximum parsimony and maximum likelihood 

analyses implied a successive evolution from 'charophycean' algae to bryophytes, 

lycopods and seed plants whereas, distance rnatrix rnethods implied a separate evolution 

of the lycopods and seed plants by grouping the bryophytes together with the 

'charophycean' algae. Conversely, more ment work of Hedderson et al. (1 996) resolved 



hornworts as the basal group among the land plants with the livenvorts and mosses 

foming a monophyletic clade sister to the tracheophytes. 

The pattern of diversification of the bryophytes is not the only aspect of the 

evolution of land plants that remain imperfectly known. The relationships of the 

morphologically and biologically diverse lineages that constitute the vascdar cryptograms 

J so  remain controversi J (Bremer et al., 1987; Niklas and Banks, 2990; Garbary et al., 

1993; Stewart and Rothwell, 1993; Hasebe et al*, 1995; Kranz r f  al., 1995; Manhart, 

1995; Pryer rf ai., 1995; Kenrick and Crane, 1997; Kranz and Huss, 1997). For example, 

there is debate as to whether the Lycopodiophyta are polyphyletic (Garbary el al., 1993) 

or monophyletic wklas and Banks, 1990; Kranz and Huss, 1997). in addition, some 

studies suggest that the Psilotophyta form the basal lineage of vascular plant evolution 

(Bremer et al., 1 987) whereas, others suggest Lycopodiophyta fi11 this role (Stewart and 

Rothwell, 1993; Kranz and Huss, 1997). Similady, the relationships among and 

placement of the Filicophyta have also been the subject of considerable controversy 

(Stewart and Rothwell, 1993; Hedderson er ai., 1996). Clearly, precise relationships 

among basal lineages of land plants including the bryophytes remain unclear. 

Other saidies using nuclear encoded rRNA gene sequences have placed in doubt 

previously unquestioned bryophyte genealogy. The monophyly of the Hepaticopsida is 

brought into dispute by suggestions that ody the complex thalloid liverworts (Class 

Marchantiopsida) are a sister group to the tracheophytes (Chaprnan and Buchheim, 199 1, 

1992; Mishler et al., 1994). The remaining hepatics comprised of simple thalloid and 

leafy livenvorts (Class Jungmanniopsida) are proposed to form a monophyletic group 



with Anthoceropsida and Byropsida or Anthoceropsida alone. More recent studies, again 

using 18s rRNA genes, but including only strictiy bryophyte taxa, have attempted to 

resolve the questionable monophyly of the liverworts (Capesius, 1995; Bopp and 

Capesius, 1995). These studies support placing Marchantiidae at the base of the 

Byropsida-Jungermanniidae clade, but disagree on the monophyly of the Bryopsida 

lineage. Phylogenies constructed with nucleotide sequence data of chloroplast gene rbcL 

corroborate the separation between complex thalloid and leafy/simple thalloid liverworts 

but could not reject the monophyly of the liverworts (Lewis et al., 1997). 

Some aspects of the origin and evolution of land plants do appear to be 

approaching resolution. It is now accepted widely that the Charophyceae are a sister 

group to the ernbryophytes (Iands plants including bryophytes and tracheophytes) which 

together form a monophyletic lineage. The bryophytes occupy a phylogenetic position 

between the Charophyceae and the tracheophytes. The seed plants are a rnonophyletic 

group containing the monophyletic angiosperms and the gymnosperrns, although the 

gymnosperm monophyly is still under investigation (Chaw et al., 1997). Nonetheless, 

several issues on the ongin and evolution of land plants remain unresolved. This study 

set out to investigate some of the issues regarding the resolution of basal limages of land 

plants with a specific focus on bryophyte genealogy. 

Recent advances have provided some insight into the aforementioned 

discrepancies among the several studies using nuclear-encoded rRNA sequence data. The 

quantity and quality of sequence data, the assessrnent of hornology provided by seguence 

alignmen< taxon sampling and methods of phy logenetic analy si s al1 have profound effects 



on the outcorne of phylogenetic investigation using molecuiar data (Charleston et al., 

1 994; Lecointre ~r al., 1 993; Yang, 1997). There are five basic steps in the phy logenetic 

analysis of DNA sequences, although d l  previous investigators of bryophyte phylogeny 

have either excluded or at least de-emphasized some of the steps. The steps involved are 

discussed in the following five sections and are: 1) choice of DNA sequence, 2) sampling 

of appropriate taxa, 3) sequence alignment 4) assessrnent of phylogenetic signal and 5) 

chwmng a method of phylogenetic inference. 

1.1 Nuclear-encoded rRNA sequence data 

The partial or complete DNA sequences of single genes comprise the most 

common type of sequence sample used in molecular phylogenetic s~idies. Although 

some effort has been made to study the phylogenetic utility of particular genes 

@riedander et al., 1992; Graybeal, 1994), the location and length of sequences are chosen 

generally on the basis of factors other than their ability to accurately represent the 

genome. These factors include interest in the fùnctional characteristics of a region, its 

histoncal use in systematic studies, and several technical considerations which are ofien 

unrelated to its ability to reconstnict whole-genome relationships. Indeed, how well a 

gene represents the entire genome is difficult to evaluate apriori. 

The potential usefùlness of rRNA for phylogenetic inference has been established 

and merits for its use include universaiity, functional constancy, ease of identification and 

isolation, and apparent lack of horizontal gene transfer (Olsen, 1 988). The development 

of 'universal ' rDN A-speci fic pnmers has revolutionized the process of rRNA gene 



sequence determination (Sogin, 1990; White et al., 1 990). In addition, DNA sequencing 

technologies have progressed to a point where complete or n e d y  complete nucleotide 

sequeoce data for rRNA genes can be obtained readily. One of the greatest assets of 

rRNA-based phylogenetic analysis is the availability of predetermined ribosomal RNA 

gene sequences from several public databases (Benson el al., 1997; Maidak et al., 1997; 

Van de Peer et al., 1997). 

The rRNAs can be identified by their typicaI eukaryotic sedimentation values: 5S, 

5.8s. 18S, and 28s. In eukaryotes, two intemal transcribed spacers designated US- 1 and 

ITS-2 separate the 1 SS, 5.8s and 28s genes. The 1 8s rRNA gene was chosen for use in 

this study based largely on the availability of 'universal' primers, and the large body of 

previously determined plant 18s rDNA sequence data. Previous studies into the 

elucidation of bryophyte phylogeny were able to utilize only partial sequence data of 

genes for 18s rRNA (Waters el al., 1992; Mishler el al., 1992; Mishler er al., 1994). Only 

recently has complete or nearly cornplete sequence data for bryophytes been available for 

use in phylogenetic analyses (Bopp and Capesius; 1995, 1996; Capesius, 1995; Krmz et 

al., 1995; Hedderson el al., 1996). This investigation included an 18s rRNA gene in the 

data set only if a minimum of 93% of its sequence had been determined. 

1.2 Taxoo sampling 

The previous section addressed the assumption that the sarnpled nucleotide 

sequences are representative of the genomes fiom which they are drawn. Similarly, 

infemed phy l ogeneti c relati onships are presumed to represent those of the organi srn s 



involved. Although, in generai, sampling properties of DNA sequence data are assessed 

quite well, species sampling has received Iittle to no attention. When a species is 

sampled, it is assurned implicitly that its sequence is representative of the sequences in 

the supposeci monophyletic group of which the chosen species is a member. In practice, 

however, it has been show that radicaily different phylogenies can be obtained if the 

same presumed monophyletic groups are sampled differently (Lecointre et al., 1993). 

Several shidies have shown that significant variations in robustness and topology of trees 

obtained depend on species representation of the taxa (Patîerson, 1989; Hendnks er al., 

1990; Adoutte and Philippe, 1993; Lecointre et al., 1993; Charleston et al., 1994). The 

impact of species sampling can be minimized with sampling several species per presumed 

monophyletic group (Lecointre ri ai., 1993). 

Incomplete taxon sarnpling is likely to explain some of the discrepancies among 

the direrent studies of bryophyte phylogeny. Some studies into the bryophyte 

phylogeny have restricted the taxa to strictly bryophyte species (Capesius, 1995; Bopp 

and Capesius, 1995, 1996). Al1 other studies Iooking at deeper phylogenetic relationships 

have had the foresight to include other major lineages but the inclusion of representative 

taxa is generally weak (Renzaglia, 1978; Crandall-Stotler, 1980, 1986; Mishler and 

Churchill, 1984,1985; Schuster, 1984; Schofield, 1985; Duckett and RenzagIia, 1988; 

Mishler et al., 19%; Waters et al., 1992; Garbary et al., 1993; Mishler et al., 1994; Kranz 

et al., 1995; Hedderson et al., 1996). For example, the most complete taxa set used in 

phylogenetic investigation of bryophytes included 18 bryophyte taxa with only two 

homworts and six taxa fiom fern and seed plants representing dl tracheophytes 



(Hedderson et al., 1996). Kranz el al. (1995) propose a bryophyte phylogeny with only 

three representatives from the group and none from the homworts. However, this study 

does include representative taxa from d l  major lineages of plants and is compnsed of 54 

species spanning seven phvla and fifieen families. 

1.3 Sequence alignment and secoodary structure information 

One of the essentiai steps in the reconstruction of phylogenetic history is the 

determination of character homology among the tava being studied. One of the basic 

principles of systematics is that oniy homologous characters cm provide meaningful 

markers of genealogical descent C onsequentl y, the accuracy of a phy logeny from 

molecular data is cri ticall y dependent on the accuracy of sequence alignment. Hence, 

mistaken hypotheses of character-state homology are a primary source of error in 

evolutionary studies (Morrison and Ellis, 1997). Molecular sequence data are 

exceptionally susceptible to these errors since assessrnent of homology involves the 

alignment of nucleotides or amino acids with one hypothesis of homology for each 

position. Positional hornology in orthologous sequences can fa11 into one of three 

categoiies; 1) identical character States. 2) substitutions representing point mutations or 

3) insertions/deletions (indels). The positioning of indels is the most problematic aspect 

of sequence alignment which becomes more acute with divergent taxa. The purpose of 

sequence alignment is to introduce gaps into the sequences only when they t d y  

represent insertion or deletion events during the course of evolution. 



Insertions and deletions are cornmon in genes for rRNA (Kjer, 1995) and require 

the introduction of gaps into sequences for the purpose of alignment. Until recently, 

studies of bryophyte phylogeny relied on computer programs to align rRNA gene 

sequences, ofien followed by manual adjustments and exclusion of regions containing 

ambiguous alignrnent (Chapman and Buchheim, 1992; Mishler et al., 1992; Ashton et al., 

1994; Hedderson et al., 19%). Mishler et al. (1 994) stated simpiy that their alignments 

of molecular data were done 'by eye'. Some authors of studies in bryophyte phylogeny 

even fail to mention this very important step, perhaps providing insight into their 

assessrnent of this critical first step of systematics (Capesius, 1995; Bopp and Capesius, 

1995, 1996). The central assumption for both the manual and cornputer-assisted 

alignments referred to above is that they maximize nucleotide identity. The computer 

programs for sequence alignment function by invoking gap penalties. These gap penalties 

are assigneci arbitrarily by the investigator since neither the causes nor consequences of 

these gaps are understood (Kjer, 1995). Arguably, the assignment of gap penalties may 

be appropriate for polypeptide encoding sequences but is not so for rRNA genes. Some 

regions of rRNA genes are extremely intolerant to changes in length while other regions 

Vary without any apparent constraints, suggesting that each region and possibly each 

position within the rRNA rnolecule would be better served with its own individual 'gap 

penalty' (Kjer, 1995). In addition, neither these manud nor cornputer-assisted alignments 

optimize the aiignment of homologous positions wiîhin stnicturally conservaiive stems 

that lack significant nucleotide identity. For example, a point mutation has at least 50% 

likelihood that its new nucleotide state is identical to one of its nonhomologous neighbors. 



If this mutation occurs near a gap, i t could be sy stematically misaligned when alignments 

are based strictly on rnaximizing nudeot.de identity. 

Small-subunit rRNA is a rnolecule for which there is an apriori biologifal mode1 

of secondary stnicture (Gutell et al., 1994). In addition, primaiy and secondq 

structures are well conserved even among very divergent taxa (Hillis and Dixon, 1991). 

Although the secondary structure of rRNA is not identical across al1 taxa, it is still more 

highly conserved than the nucleotide sequences (Kjer, 1995). Recent advances in 

homology assessment suggest that secondary structure information can be used to enforce 

sequence alignment (Kjer, 1995; Kickson et al., 1996). Since the sequences of the rRNA 

genes (rDNA) are constrained by the secondary structures of their products, this allows 

knowledge of the secondary structure to be used for the alignment of the rDNA 

sequences. Furthemore, the helix (or stem) and single-stranded (or loop) regions can be 

treated as separate divisions of nucleotide site change provided the paired bases of the 

helices result from compensatory mutations (Vawter and Brown, 1993; Muse, 1995). 

There are two main methods for predicting secondary stnicture of nbosomal RNA 

molecules: phylogeny and energy minimization studies (Jaeger ri al., 1 990). Energy 

minimization utilizes thermodynamic parameters and cornputer algorithms which 

determine minimum and near minimum free energy folding of RNA. Predictions based on 

phylogeny relies on primary structure alignments with subsequent folding of severai 

sequences into similar structures for functionall y anal ogous RNA. Certaid y, structural 

and evolutionaiy studies are corn plementary since the derivation of evolutionary trees 

requires a dependable sequence alignment as a starting point, and the establishment of 



such an digrment is enhanced by the knowledge of secondw structure landmarks 

Secondary structure landmarks include boundaries of helices and loops and the existence 

of cornpensating substitutions in complementary strands. 

Comparative sequence analysis of RNA structure is based on the simple principle 

that homologous RNA molecules will adopt the sarne secondary and tertiary structures 

with different primary sequences. Practically, comparative studies identiQ secondary 

structure base paihgs by finding compensatory base changes or covariations in 

alignments of hornologous sequences. This approach has been successfully applied to 

severai classes of RNA molecules (Woese et al., 1 980; Glotz et al., 1 98 1; Zwieb el al., 

198 1 ; Noller et al., 198 1 ; Maiy and Brimacombe, 1983; Woese et al., 1983; Gutell, 1996). 

Analysis of 16s and 23s rRNA sequences have reveaied that many positions are 

restricted to certain types of pairhg sequences, either subsets of the four Watson-Crick 

pairings or non-canonical base-pairs, such as A:C and G:U or A:G and G:A (Gutell, 

1996). The majonty of restricted variations in rRNA base pair sequences are of the 

purine: pyrimidine type (Gautheret and Gutell, 1997). 

It has become evident to investigators of phylogenetics using rRNA gene sequence 

data that secondary structure information is indispensable (Momson and Ellis, 1997). 

Certaidy, erroneous homology statements due to alignment inaccuracies are as 

problematic as other well-known problems associated with sequence length and tree- 

inference methods (Russo et al., 1996). Previous studies on the phylogeny of 

bryophytes have failed to consider structural aspects of rRNA when aligning their 

sequences and discrepancies arnongst their trees are probabl y amibutable large1 y to the 



aiignments employed (Chapman and Buchheim, 1992; Mishler et al., 1992; Ashton e~ al., 

1994; Capesius, 1995; Bopp and Capesius, 1995, 1996; Hedderson et al., 1996). This 

study utilizes both primary and secondary structure information for homology 

assessment. 

1.4 Assessrnent of phylogenetic signai and variability 

Once sequences have been aligned, some assessment of the presence of 

phylogenetic signal is necessary. Phylogenetic signal is the information used to infer 

phylogenetic history. There is obviously no purpose in additionai analysis if al1 

sequences are identical; likewise, extremely divergent sequences may be randomized with 

respect to phylogenetic history giving a phylogenetic hypothesis that might as well have 

been selected at random. The reasonable alignrnent of DNA sequences is not suficient to 

justify tbe use of the sequences in phylogenetic analysis. Analysis of most aligned 

sequences rnay produce an optimal tree with a given method, but without some 

assessment of phylogenetic signal, there is insufficient reason to expect that the optimal 

tree is a good estimate of phylogeny (Hillis et al., 1993). 

DNA sequences compared among organisms may contain phylogenetic signai, or 

they may be randomized with respect to phylogenetic history. To order to proceed with 

an appropriate analysis of a particdar data set, phylogenetic signal needs to be 

distinguished fiom random noise. This is especidly important when considering the fact 

that random data frequently produce a single most-parsimonious tree ofien considerably 

shorter than the second-best alternative (Hillis and Huelsenbeck 1992). Mistakenly, 



several investigators ci te confidence in their rnolecular data by quoting high decay indices 

on their single most-parsimonious tree without first establishing phylogenetic signal 

msh le r  et al., 1994). 

In addition, the usefulness of small-subunit rRNA gene sequence data for 

phylogenetic inference has been determined largely on groups of taxa other than lower 

land plants. Until recently, the greatest justification for use of rRNA had been successfûl 

analyses of bacterial evolution (Woese, 1987). The usefulness of this gene for 

phylogenetic inference of lower land plant relationships has not been fully justified but 

rather implied from other studies with bacteriai (Woese, 1987; Turner et al., 1989). animal 

(Hillis and Dixon, 1989; Larson and Wilson, 1989; Sogin et al., 1989) and some higher 

plant (Gouy and Li, 1989; Hamby and Zimmer, 1992; Wolfe el al., 1989) taxa. Plant 

DNA sequences shows extensive homoplasy in cornparison to those derived from animals 

(Syvanen et al., 1989) and, furthemore, it has been established that rates of synonymous 

substitution vary arnong evolutionary lineages of plants (Bousquet et al., 1 992; Gaut et 

al., 1996; Eyre-Walker and Gaut, 1997). These facts justify the need to detemine 

independently the uàlity of 18s rDNA for phylogenetic inference of relationships among 

lower land plants and specifically of those involving bryophytes. 

One method of detecting the presence of phylogenetic signal in a given data set is 

to examine the shape of the tree-teagth distribution for a randorn subset of dl trees 

resdting from a parsimony anal y sis (Killis and Huelsenbeck, 1 992; Hillis ri  al ., 1 993). 

Only a strongly left-skewed tree-length distribution indicates good phylogenetic signal. 

The skewness test statistic. gi . can provide a rapid and efficient test for significant 



structure in data matrices for phylogenetic analysis (Hillis and Huelsenbeck, 1992). Data 

sets with no correlated characters produce distributions that are close to symmetrical and 

suggest phylogenetic signal is not sufficient to warrant further phylogenetic analysis of 

the data. 

The determination of the presence or absence of phylogenetic signal can be 

complemented by characterùing the extent and location of nucleotide variability . Several 

studies have shown that most constrained molecules, such as rRNAs, exhibit a 

considerable variation in substitution rate (Uzzell and Corbin, 197 1; Golding, 1983; 

Holmquist et al., 1983; Van de Peer rr al., 1993; Wakeley, 1993; Sullivan et al., 1995; 

Yang, 1995). Consequently, the probability of these molecules sustaining a substitution 

is different for different sites, possibly because selective and functional constraints are 

not identical in different parts of the molecule. Several midies have revealed that rate 

variation arnong sites is a very important issue in the framework of phylogenetic 

inference. These studies have shown that ignorance of this variation lads  to 

underestimation of transition/tranversion rates (Wakele y, 1 994). evolutionary distances 

and branch lengths (Jin and Nei, 1990; Ota and Nei, 1994; Tateno et al., 1994). The 

underestimation of branch lengths can affect profoundly tree reconstmction by distance 

rnatrix methods (Olsen, 1987; Jin and Nei, 1990; Tateno et al., 1994; Van de Peer et a[., 

1996). The ignorance of site variability has especially drastic effects on the construction 

of universal trees (Yang and Roberts, 1995). To rnany systematists interested in 

phylogeny, the identification and acknowledgment of partitions in the sequence data 

provideci by assessnxnt of site variability may seem irreievant at best. However, ignoring 



details of evolutionary processes presupposes fdsely that phylogeny reconstruction 

methods are robust to such influences (Bull et al., 1993). 

A recently developed method for estimating the variability of nucleotide sites in a 

sequence alignment was used in th is  study (Van de Peer et al., 1996~). This method 

defines the variability of each nucleotide site as its evolutionary rate relative to the 

average evolutionary rate of al1 the nucleotide sites of the molecule. This variability 

measurernent was used in a distance-based phy logenetic rnethod (Van de Peer r t al., 

1996c) which provided a precise estimation of evolutionary distances. The site 

variability information was also used to divide the alignment positions into a number of 

sets of increasing relative substitution rate. This provided a means to determine which 

nucleotides generate phylogenetic signal for phylogeny reconstruction and exactly where 

the signal allows resolution in the tree. In addition, site variabilities were calculated from 

representative taxa of al1 major lower plant limages and were used to constnict a 

quantitative map of nucleotide substitution rates in lower plant nuclear small-subuni t 

rRNA. The variability rnap for lower plant 18s rRNA was constnicted by 

superimposing on to the secondary structure mode1 of P~scomitreIkzpatei~s 18s rRNA 

the calculated site variabilities where the variability of each nucleotide site is indicated by 

means of a colored dot (Van de Peer et ai., l996a). This colored map provides a detailed 

and quantitative description of positional variability with respect to secondary structure 

of the molecule. 



1.5 Phylogenetic andysis 

It is not the intention or purpose of this thesis to educate the reader on the 

different methods of phylogenetic inference. However, a bnef synopsis of the 

phylogenetic methods employed in this study is justified. A phylogenetic tree is a form 

of a graph composed of nodes and branches. nie nodes in the trees presented in this 

thesis represent the 18s rRNA gene and the branches represent the topological 

relationships between the nodes. Nodes can be divided into intemal and extemal types 

where the latter are also called operational taxonomie units (OTUs). All trees in this 

thesis are rooted by identifying a special node, called the roof using the outgroup method. 

The outgroup rnethod detemines of the relationship of rz sequences by adding one or 

more sequences that are hown to be outside the clade of i r  sequences or basal in 

phylogenetic lineage. The number of possible topo1 ogies for an unrooted strict1 y 

bifurcating tree with the 67 OTUs examined in this thesis is approximately 2.1253 * 

10'". Clearly, the application of cornputers is warranted and several software packages 

that are available for phylogenetic investigation have been employed in this study . The 

number of trees is significant since it dictates the use of heuristic methods and ofien the 

choice of phylogenetic method and the number of OTUs is lirnited by computational 

considerations (CPU time for sorne of the methods engaged in this study required several 

weeks for calculation). 

Several methods have been proposed for building a phylogenetic tree from 

observed data. Tree-building rnethods can be divided into two groups in tenns of the 



type of data they use: distance-based methods and character-based rnethods. Distance- 

based methods use distance matrices which consist of ail possible painvise distances, 

whereas character-based methods use an array of character states. The distance-based 

analyses used in this shidy incorporate the neighbor-joining rnethod (Saitou and Nei, 

1987) which is applied to distance matrices calculated by using various parametric models 

(Jin and Nei, 1990; Jukes and Cantor, 1969; Kimura, 1980; Tajima and Nei, 1984; Van de 

Peer et al., 1996~). The character-based methods used in this study consist of the 

maximum parsimony method (Fitch, 197 1) and the maximum likelihood method 

(Felsenstein, 198 1). 

In comparative anal ysis of homologous DNA sequences, nucleotide substitution is 

commonly assumed to follow a homoeneous Markov process (Yang, 1994). The 

Markov process is specified by a rate matrix, Q, whose elements represent instantaneous 

substitution rates among the four nucleotides. For mathematical simplicity and ease of 

computation, normally extra restrictions have been placed on the structure of Q, leading 

to various parametric modeis. These parametnc models are assumed to correct for 

superimposed mutations when calculating distance values between sequences. The 

parametric models or distance methods fit a tree to a matrix of painvise distances between 

the sequences - the rate matrix, Q. Each distance is based on the fraction of positions in 

which two sequences differ and is defined as dissimilarity, S. This dissimilarity is 

actually an underestimation of the tme evolutionary distance since some of the sequence 

positions likely represent multiple events. Furthermore, since mutations are fixed in 

DNA sequences, there is an increasing chance with time that mutations occur at the sarne 



nucleotide position, creating a superimposed mutation. Therefore, different parametnc 

models each try to estimate the number of unseen mutations with distinct assumptions 

about the nature of evolutionary changes. Such models can be used to constnict estimates 

of evolutionary distances in painvise sequence compa.risons and are used aiso in maximum 

likelihood joint cornparisons of d l  sequences. The evolutionary distance between two 

sequences is then assurned to be proportional to the time that separates them. 

The neighbor-joining method of phylogenetic tree construction (Saitou and Nei, 

1987) takes the distance macrix built by one the parametric models and modifies it. This 

rnodified distance matrix is consuucted so that the separation between each pair of nodes 

is adjusted on the basis of their average divergence from al1 other nodes. This has the 

effect of nonnalizing the divergence of each OTU for its average dock rate (Swofford and 

Olsen, 1990). The neighbor-joining algorithm then joins the Ieast distant pair of OTUs as 

defined by the modified distance matrix into a new OTU. This new O n ]  is added to the 

tree while the replaced OTUs and their respective branches are removed from the tree. 

This process converts the newly added OTU into a terminal node on a tree of reduced 

size. At each stage of the process, two terminal OTUs are replaced by a new one. The 

process is complete when only two O N  remain, separated by a single branch. The 

neighbor-joining approach does not depend on ultrametnc &ta (Swofford and Olsen, 

1990) which is appropriate for 18s rDNA and its unequal rates of evolution across the 

broad selection of taxa used in this study. 

Character-based methods treat each substitution separately rather than reducing al1 

of the variation to a single divergence value. The character-based method of maximum 



parsimony (Fitch, 1971) partitions similarities between DNA sequences on a character- 

by-character basis. Alternative trees are evaluated, one character at a time, to detemine 

how many evolutionary events they each requirz. By the cntenon of parsimony, the 

'best' or most parsimonious tree is the one requiring the fewest total events. Parsirnony 

is the pnnci ple of logic that the simplest ex planaiion shouid be preferred over the more 

complex. in the context of phylogenetic investigation, the most parsirnonious tree is the 

one requinng the fewest evolutionary events to explain the differences between DNA 

sequence data Maximum likelihood (Felsenstein, 198 1) is the other character-based 

method used in this study . Maximum likelihood is a statistical model which considers 

each character separately for the likelihood of observed change given a particular topology 

and model of molecular evolution. 

Once the topology is constructed, it is necessaxy to evaluate the reliability of the 

tree by assessing the confidence in the robustness of the phylogeny provided by the 

sequence data. Bootstrap andysis can be used to place confidence intervals on 

phylogenies and is a type of statistical analysis to test the reliability of certain branches 

in the evolutionary tree (felsenstein, 1985; Swofford and Olsen, 1990). Bootstrapping 

involves resampling the data with replacement to create a series of bootstrap samples of 

the same size as the original data. Nucleic acid sequences provide resampled data in the 

form of nucleotides of a sequence, while the statistical significance of a cluster is given by 

the fraction of trees, based on the resampled data, containing that cluster. Bootstrapping 

is the most popular method used to evaluate tree robustness and has been extensively 

tested and assessed as an estimator of robustness @Ilis and Buil, 1993; Felsenstein and 



Kishino, 1993). Problems with bootstrapping stem from several assumptions that the 

bootstrap places on the data. Two of these assumptions have been identified as most 

troublesorne when dealing with molecular data (Hillis and Bull, 1993). These are: 1) that 

characters are independent and 2) that characters are a representative sarnpie from an 

underlying universe of character data DNA sequence character data are neither 

independent (Gatesy et al., 1993) especially ribosomal RNA genes (Wheeler and 

Honey cutt, 1988) nor a representative sample of the universe of character data @esalle et 

ai., 1994). Nevertheless, bootstrapping cm be applied, provided the investigator 

understands these caveats when interpreting bootstrap values which underestimate 

consistent1 y the accuracy of a phylogenetic hypothesis. 

To ensure the confidence in clusters based on bootstrap values was not being 

misinterpreted, another method was employed for testing the statistical significance of a 

particular branching pattern of a phylogenetic tree. Decay analysis is an alternative 

method for evduating support for clades and has been well saidied for its merits (Bremer, 

1988; Donoghue et al., 1992; Graham et al., 199 1 ; Kallersj O et al., 1992; Mishler et al., 

199 1 ) .  Decay analysis works by obtaining the strict consensus of trees that are one step 

longer than the most parsirnonious tree(s), two steps longer, and so on until ail resolution 

is lost. The 'decay index7 provides the confidence estimate and is defined as the number 

of steps maximum parsirnony must be relaxed to cause a particular clade to lose its 

support (Mishler et al., 199 1 ). 

It is now evident that different methods used in phylogenetic andysis may not 

give the same branching pattern in phylogenetic trees (Barnabas et al., 1 995; Kranz et al., 



1995; Yang, 1997). Hence, it is necessary to constnict trees by more than one type of 

method and make cooperative use of information to arrive at a possible species 

phylogeny (Kim, 1993). It is this author's contention that none of the distance-based or 

character-based rnethods, when appropriatel y employed in phylogenetic inference, 

warrant complete condemnation or approval. hstead, a comparative approach, as taken 

in this study, will avoid making any unduly algorith-weighted or philosophy-laden 

phy logenetic judgement. 

There must be certain aprion knowledge to make justifiable claims for one 

pariicular treatment to be unequivocalIy the best in any particular situation (Avise et al., 

1994). Most investigators of phylogeny using a specific set of sequence data do not have 

precise knowledge of DNA evolutionary rates, extent of variability, or processes 

underlying character transformation. Consequently, determination of which phylogenetic 

method is the most apt for the data is not possible since the conf'ormity of the data to a 

particular set of assurnptions underlying each phylogenetic method is uncertain. 

Therefore, it is reasonable to compare results of several analyses and subsequently to 

place greater emphasis and confidence in phylogenetic outcornes denved from multiple 

approaches than in those which, idiosyncratically, are generated by only one or a few 

methods (Avise and Nelson, 1995). As stated by Avise et al. (1995); "...outcornes robust 

to alternative analyses and databases should be less controversial than those which are 

strongly analysis- or data-dependent", which is in agreement with Felsenstein's (1982) 

sentiment; "It is essentiai that we not adopt a single method [of phylogenetic inference] 

as a universal panacea." This study employed two distinct character-based phylogenetic 



approaches, maximum parsimony and maximum likelihood, and several distance-based 

phylogenetic aigorithms, against nine data sets for a total of 40 treatments overall. 

1.6 Purpose and strategy of investigation 

Previous investigations into the evolution and ongin of lower land plants have 

failed to address thoroughly one or more of the aforementioned considerations. This 

study wi11 attempt to resolve issues of bryophyte phylogenetics with al1 the elements of 

phylogenetic analyses addressed properly. The phylogenetic approach taken in this 

thesis, which in most contexts is appropriately conservative, was to apply a variety of 

conceptually and operationally distinct phylogenetic algorithms to the well-aiigned, 

nuclear-encoded, small-subunit rRNA gene sequence data-set, coupled with a cornplete 

cross section of representative taxa from ail major lineages of land plants. 

This study expects that the putative secondary-structure mode1 employed here is 

likely to have produced a multiple-sequence alignment that is closer to the true alignment 

by evidentiy aiigning homologous nucleotides. The usefulness of the 18s rDNA gene 

sequence for deeper-level phylogenetic inference of lower plant evolution was addressed 

by exarnining the data set for the amount, location and level of phylogenetic signal. 

Furthemore, the higher-order structures, coupled with variability information presented 

here using substitution-rate calculations, provide a powerfid way to identify 

p hy logeneticail y important elements in the 1 8s rRNA molecular structure. 



2. MATERIALS AND METHODS 

2.1 Taxa and sequence data 

The sequence data used in this study are derived from 18s rRNA genes in which a 

minimum of 93% of the nucleotides has been determined. Furthemore, ody sequences 

which can be assumed on the basis of reasonable criteria to be error-free, have been 

utilized. The data comprise 67 unique sequences from 57 species of plants spanning 

seven phyla and fifieen families, seven species of green aigae spanning two phyla and five 

families and three species of fun@ belonging to three families. The Iist of taxa with 

classification and GenBank accession numbers are presented in Table 2 (see vol. II, p. 32). 

The list of taxa contains five original sequences which include two moss species: 

PhyscomitrelZa pairns, Sphapum palustre; two homworts: Megaceros ae~iipmtircu, 

NotophyIas brrutelu; and a fem: Pteris vitkzia. 

The taxa set designations are outhed in Table 3 (vol. II, p. 3 5). Taxa set A is the 

original collection of 41 18s rDNA sequences. Taxa set B contains the I8S rDNA 

sequences of 67 taxa which includes al1 the sequences of taxa set A and 27 additionai taxa. 

Taxa set C is a subset of taxa set B and consists of 43 18s rRNA gene sequences 

representing stictiy lower plant taxa. 

2.2 DNA isolation 

Physcomitrella total genomic DNA was extracted from approximately 4 g (fresh 

weight) of gametophytic tissue grown on solid medium covered with cellophane overiays 



(Ashton et ai., 1985) b y the CTAB method of Doyle and Doyle ( 1990) d e r  removal of 

excess water from the tissue by gentle vacuum filtration and grinding to a powder in liquid 

nitrogen. Using this procedure, about 25 pg of DNA were isolated per gram (wet weight) 

of moss. RNA was digested using RNase A (10 p g h l )  followed by precipitation of the 

DNA uùng a standard procedure, outlined by Doyle and Doyle (1990), and redissolving 

in TE. DNA concentrations and punty of the solutions were estimated from the 

absorbances at 260 nm and 280 nrn of diluted samples and also from ethidium bromide 

fluorescence of electrophoresed sam ples. 

Pterss vinala spores were collected in Barbados by Dr. N. Ashton and 

gametophytic tissue was provided by Ryan McDonald. Whole genomic DNA was 

extracted in a similar fashion to the procedure outlined above. 

Total genomic DNAs from Sphagrum palustre, Mqaceros aririgmuîicus, and 

Notophylas breutrlu, which had been purified by CsCI centrifùgation and quantifie4 were 

gifb from Dr. K. S. Renzaglia (Southem Illinois University). 

2.3 DNA amplification 

2.3.1 Oligonucleotide synthesis 

Oligonucleotides for use as primers for amplification and cycle sequencing of 18s 

rDNA fragments were synthesized using an Applied Biosystems 391 DNA Synthesizer 

PCR-MATE (Perkin-Elmer) in the 'Trityl-off mode. In this mode, the dimethoxyuityl 

group at the 5' terminal of the oligonucleotide is removed at the end of the synthesis. The 



oligonucleotides were cleaved from the support by incubation at room temperature for 2 h 

with fresh concentrated ammonium hydroxide, followed by deprotection with ammonium 

hydroxide at 5S°C for 30-40 h. Each cleaved and deprotected oligonucleotide was 

dispersed into small aliquots, evaporated to dryness and stored dry or re-dissolved in a 

small vohme of sterile distilled water and stored at -20°C. Pnmer concentrations in 

aqueous stock solutions were calcdated from absorbantes of diluted samples measured at 

260 nrn. Unpurified primers were used for both PCR and sequencing readons. 

The primers used for DNA amplification and cycle sequencing of three regions, 

collectively comprising approximately 94% of the complete 18s rRNA gene, are 

described in Table 1 (vol. II, p. 2). The location of the primer binding sites relative to the 

18s rRNA gene is graphicdly depicted in Fig. I (vol. II, p. 3). 

2,3.2 Reaction mixtures 

Sequencing templates were generated using nested and semi-nested PCR. Long 

PCR constituted the first round of DNA amplification to generare an approximately 1800 

bp PCR amplicon under high fidelity PCR conditions. This full length fragment was 

generated using primers NS 1 and NS8 and 500 ng of whole genomic DNA with water 

substituted for the template in the negative conirols. Long PCR reaction mixtures using 

hot-start with a total volume of 100 pl consisted of 1.25 units of Taq DNA polymerase 

(Gibco), 0.28 pg of  ~ a ~ ~ t a r t "  antibody (Clontech), 20 m M  Tris-HCI (pH 8.4), 50 m M  

KCI, 2.5 m M  MgCl*, 125 p M  of each dATP, dCTP, dGTP and dTTP, 0.5 p M  (50 

pmol) of each primer (NS1 and NS8), and approximately 500 ng of genomic DNA. 



Nested and semi-nested PCR reactions constituted the second round of 

amplification using first round products as template, with negative controls also using 

first round negative reaction mixtures in place of template. Second round PCR reactions 

using hot-start with a total volume of 100 pl were done in triplicate, each reaction mixture 

compnsing 2.5 units of Taq DNA polymerase (Gibco), 0.55 pg of TaqStartm antibody 

(Clontech), 20 m M  Tris-HC1 (pH 8.4), 50 m M  KCl, 2.5 mM MgClz , 200 pM of each 

dATP, dCTP, dGTP and dlTP,  50 pmol of each forward and reverse primer, and 2 pl of 

first round amplification products. The primer pairs used for semi-nested PCR were NSl 

& NS2, NS5 & NS8, and NS7 & NS8. The primer pair, NS3 & NM, was used for nested 

PCR. These primer pairs with their respective predicted PCR arnplicon sizes are 

described in Table 1 (vol. II, p. 2) .  

2.3.3 Thermal cyding parameters and PCR product deteetion 

AI1 DNA amplifications were carried out on a PE 9600 themal cycler (Perkin- 

Elmer). Al1 thermal cycling regimes were preceded by a 2 min, 95OC incubation period, 

and succeeded by an additional extension time of 1 0 min at 72OC immediatel y followed by 

4OC incubation until placed in storage at -20°C. Long PCR reactions were cycled 25 

times through the following temperature regimes: 94OC for 30 s, 55OC for 45 s, 72OC for 

120 S. Nested and semi-nested PCR reactions were cycled for a total of 40 cycles using a 

3 stage touch-dom PCR thermal cycling regi me. The first stage consisted of 5 cycles 

thmugh the following temperature regirnes: 94OC for 10 s, 64OC for 20 s, 7Z°C foi 30 S. 



The second stage consisted of 5 cycles through the following thermal cycling regimes: 

94OC for 10 s, 62OC for 15 s, 72OC for 30 S. The final stage consisted of 30 cycles 

through the following thermal cycling regime: 92OC for I O  s, 60°C for 10 s, 72OC for 30 S. 

Thermal cycled PCR mixtures (1 0 pl) were resolved electrophoretically on 1 6% 

agarose gels and visuaiized b y ethidium bromide fluorescence. Sizes of amplified 

fragments were estimated by cornparison with a 100 bp DNA ladder (Gibco). 

2.4 DNA sequencing 

2.4.1 Template preparation 

Three 90 pl post-PCR reactions mixtures in which agarose gel electrophoresis had 

revealed a single prodm of expected size, were purified using the  izard" PCR Prep 

DNA purification system (Promega), producing 50 pl of solution containing the amplified 

rDNA in distilled water. The purified sequencing template was quantified using the DNA 

~i s tic km Kit (Invi trogen). 

2.4.2 Cycle sequencing 

The purified and quantified double-stranded PCR products were used in 

fluorescence-based dideoxy cycle sequencing reactions using the PRISM" Ready Reaction 

D y e ~ e o x ~ "  Terminator Cycle Sequencing Kit (Applied Biosystems). The cycle 

sequmcing reaction mixtures of 20 pl final volume contained the following ingrdents: 

100-200 ng of template DNA 9.5 pl of terminator premix [1.6 pM A-DyeDeoxy, 94.7 



pM T-DyeDeoxy, 0.4 PM G-DyeDeoxy, 47.4 pM C-DyeDeoxy, 79.0 p M  dITP, 15.8 

pM dATP, 15.8 PM dCTP, 15.8 PM dTTP, 168.4 m M  Tris-HCI (pH 9.0), 4.2 m M  

(NH4hS04, 42.1 m M  MgC12, 0.42 units/pl AmpliTaq9 DNA polymerase], and 3.2 pmol 

of primer. The sequencing primers were the same as those used in the DNA amplification 

reactions namely; NSI, NS2, NS3, NS4, NS5, NS7 and NSX. Individual primers with 

appropriate rDNA PCR products were combined in seven different sequencing reactions 

which facilitated the acquisition of double-stranded sequence data for the majoriq of the 

18s rRNA gene. 

Cycle sequencing reactions were camied out on a PE 2400 (Perkin-Elmer) thermal 

cycler. The sequencing reactions were set up on ice and placed in the themal cycler 

which was preheated to 96 OC. The thermal cycle sequencing regime consisted of 25 

cycles and was as follows: 96 OC for 10 s, 50 OC for 5 s, 60 OC for 4 min. The reactions 

were held at 4 OC until purification which was typically performed within 1 h of the final 

cycle. 

2.4.3 Purification of sequencing reaction producu 

Subsequent to cycle sequencing the reactions were passed through Sephadex G-50 

spin columns (centri-sep" columns, Princeton Separations) to remove unincorporated 

dye terminators. The puiified reaction mixtures were spun in a vacuum centiifùge 

(~entrivap', Labconco) at rwm temperature until just diy (typically 5 min). The 



reaction pellets were resuspended in 3 pl of loading buffer [5  parts deionized formamide 

to one part 50 mg blue dexiran 1 25 mM EDTA (pH 8.0)J. 

2.4.4 DNA sequence determination 

Autornated sequencing was employed using the AB1 PRISM" 377 DNA 

Sequencer (Applied Biosystems). The resuspended reaction pellets were irnrnediateiy 

heat shocked at 94 O C  for 5 min and then transferred to a   ab top" cooler (Nalgene) to 

snap cool them at -30 O C .  Samples were electrophoresed at 1 00 nucleotideslh with 1680 

volts, 150 watts (floating), and 50 rnArnp (floating) through denaturing polyacrylarnide 

gels (4% acrylamide, 5% cross-linked, 6 M urea) at a run temperature of 5 1 OC with a gel 

thickness of 0.2 mm and a well-to-read distance of 36 cm. The fluorescent images were 

captured with virtual filter set A and 2400 scansh using AB1 PRISM" Collection 

Software v 1.1 .O (Applied Biosystems). The raw sequencing data were processed using 

multicomponent analysis, baseline subtraction and scaling with AB1 P R I S M ~  DNA 

Sequencing Analysis Software v2.1.1 (Applied Biosystems) using the SemiAdaptive 

BaseCalling module. Al1 base calls were confïnned manually by visual inspection of the 

electropherograms. 

The double-stranded DNA sequence information was assembled from consensus 

sequence data using the simple homology rnatching algorithm and contig manager of 

M~cDNASIS" Pro Sequence Analysis Software v3.6 (Hitachi Software). Sequence data 

corresponding to primer binding sites were removed and replaced with the ambiguity code 

'N'. 



2.5 Sequence alignment 

The manual sequence alignment procedure used was that described by Van de Peer 

et al. (1996~). Manual alignment was facilitated with DCSE v2.54 (De Rijk and De 

Wachter, 1993). The alignment defines the complete secondary structure of the 18s 

rRNA molecule. The alignrnent process was iterative, beginning with the juxtaposition of 

regions of extensive primary structure similarity . The alignment was then refined in 

regions of greater variability through the us. of secondary structure information available 

from the SSU rRNA Database (Van de Peer ef al., 1997). The secondary structures were 

inferred by comparative andysis relying on the search for compensatory base 

substitutions or positional covariance (Gutell, 1 996). 

The DCSE sequence alignment file was imported into MacClade v3 .O5 (Maddison 

and Maddison, 1 992) to facili tate data manipulation, character annotation and file 

conversion for various phylogenetic analysis software packages. 

2.6 Tree length distribution skewness 

The gl statistic was used to test for possible presence of significant phylogenetic 

signal (Huelsenbeck, 199 1; Hillis et al., 1993). The gl statistic based on the length 

distribution of 50,000 randomly sampled trees from a set of dl possible trees was 

generated by the RANDOM TREES command of PAUP 3.1.1 (Swofford, 1993). The g, 

statistic was deterrnined for both taxa set B and C. 



2.7 P hylogene tic analyses 

Al1 phylogenetic analyses were applied to the entire 18s rRNA sequence 

excluding ambiguous alignrnent positions. Phylogenetic analyses were performed on two 

taxa sets, designated A and B as indicated in Table 3 (vol. II, p. 35). Taxa set A consisted 

of a subset of taxa set B cornprising 41 representative taxa from ail major plant groups. 

Chara foeti& was used as the outgroup for al1 phylogenetic analyses with taxa set A. 

Taxa set B consisted of the entire species collection comprising 57 representative taxa 

from ail major plant groups, seven species of green aigae and three species of fûngi. 

Su~char~rnyce~ cereviszue was used as the outgroup for phylogenetic analyses with taxa 

set B except as otherwise indicated for parsimony and neighbor-joining analyses. The 

outgroup selection for taxa set B was chosen after sarnpling successive outgroups to 

ensure tree topology was not dramaticdly afTected as described by Lecointre rf al. (1993). 

2.7.1 C haracter-based p hylogenetic analyses 

2.7.1.1 Parsimonv 

Phy logenetic searches under the princi ple of maximum parsirnony were conducted 

using PAUP 3.1.1 (Swofford, 1 993). Heuristic search strategies were em ployed wi th the 

MULPARS option in effect, random taxon addition with 100 replicates, and tree- 

bisection-recomection (TBR) branch swapping was performed. Gaps were treated as 

missing data and uninformative positions were excluded from analysis. The outgroup for 

taxa set B was defined with 2 species of fungi: Sacchaomyces cerevisicce and 

S c h i z o s ~ ~ c ~ o r n y c e s  pombe. Whenever more than one most parsirnonious tree was 



found, the output was displayed as a 50% majoiity-de consensus tree witt; the 

frequency of clustering indicated at each node as î percentage. 

Confidence estimates for clustering groups were obtained by bootstrap analysis 

using identicai heuristic search parameten. Results of the bootstrap analyses are 

displayed on 50% majority-de bootstrap trees with nodes showing less than 50% 

confidence collapsed to yield polytomies. Computational limitations dictated the 

maximum number of replicates performed with each data set. Taxa set B was analyzed 

with 50 bootstrap replicates each with 5 random taxon additions. Taxa set A was 

andyzed with 100 bootstrap replicates each with 10 random mon  additions. 

Additional confidence estimates provided by decay analysis (Bremer, 1988) were 

obtained from the taxa set A parsimony analysis using TreeRot software (Sorenson, 

1996). A stria consensus tree was generated from the rnost parsimonious trees found 

during the heuristic search with taxa set A. TreeRot was used to generate a PAUP 

command file to examine each node on the strict consensus tree using heuristic search 

parameters (MLTLPARS option in effect, 10 random taxon addiiions with TEiR 

performed and oniy keeping trees not compatible with constraint-tree) and a constra.int 

statement. Decay indices were generated for al1 nodes of the strict consensus tree using 

this constraint statement approach and applied to the tree at each respective node. 

2.7.1 -2 Maximum likelihood 

Maximum likelihood analysis was performed only on taxa set A using fastDNAml 

v 1.1. la (Olsen et al., 1994). The analysis parameters were set to randomize the sequence 



addition order. The expected transition/transversion ratio was given the value 1 -7 1 

(estimated from data set B, S.E. 0.07). The distances were calculated based on the 

Felsenstein' s (1 98 1 ) model which dlows the four nucleotides to have unequal frequencies. 

Confiidence in clusters was estimated frorn 10 bootstrap replicates using the same analysis 

parameten, with corresponding bootstrap values shown in percentage displayed on a 

50% rnajority-de bootstrap tree. 

2.7.1.3 Quartet p d i n g  

Maximum likelihood analysis was also applied to both taxa sets using a fast tree 

search algorithm cailed quartet puzzling (Strimrner and Haeseler, 1996). Quartet puzzling 

consists of three steps; maximum likelihood, puuling and consensus. Quartet puzzling 

applies maximum likelihood tree reconstmction to ail possible quartets from n sequences. 

This reconsûucts ail possible quartet maximum likelihood trees. The second step called 

puuling involves repeatedly combining the quartet trees to an overall uee. The final step 

computes the majority-rule consensus of ail intermediate trees giving the quartet p d i n g  

tree. The analysis was performed by using PUZZLE v3.0 from The PUZZLE Software 

web page (http://www.zi .biologieeuni-muenchen.de/- by Sûïmrner and Haeseler 

(Zoologisches Institut, Universitat Miinchen, Gemany). Tree reconstruction used 1000 

p d i n g  steps with the HKY (Hasegawa et al., 1985) model of substitution. The model 

of Hasegawa et al. (1985) allows both different rates for transitions and transversions and 

different nucleotide frequencies. Al1 parameters including rate heterogeneity were 

estimated from the data sets by maximum likelihood. The estimations of support for 



interna1 branches is calculated automatically and assigned to nodes on the tree and shown 

in percent. 

2.7.2 Distance-based phylogenetic analyses 

Distance matrices were calculated from data sets A and B. and superimposed 

mutations were accounted for by using several distance algorithms. The distance-based 

phylogenetic analysis and the construction and drawing of evolutionary trees based on the 

calculated distance matrices were accomplished with TREECON for Windows v1.2 (Van 

de Peer and De Wachter, 1994). 

The transformation of sequence data into evolutionary distances is performed by 

the program MATRIXW of TREECON for Windows v 1.2 (Van de Peer and De Wachter, 

1994) which produces a matrix of dissimilarities based on N(N-1)/2 pair-wise 

cornparisons between N sequences. The various distance dgorithms which were 

im plernented using the software package are outlined in subsequent sections (see 2.7.2.1 - 

2.7.2.8). 

The neighbor-joining method (Saitou and Nei, 1987) was implemented for tree 

construction using the program TREE of TREECON for Windows v 1 -2 (Van de Peer and 

De Wachter, 1994). The program ROOT of TREECON for Windows v 1 -2 (Van de Peer 

and De Wachter, 1994) was used to place a root on the initially unrooted tree topologies 

produced by the neighbor-joining method. Taxa set B topologies were rooted with 

Sacchmomyces cerevisiae. Taxa set A topologies were rooted with C k a  fortida. 

Confidence estimates in topologies were provided by bootstrap anaiysis based on 

100 resampled data sets and conducteci using die program MAT- of TREECON for 



Windows v 1.2 (Van de Peer and De Wachter, 1994). A 50% majority-de bootstrap tree 

was generated for each distance cdculation algorithm. The 50% majority-nile bwtstrap 

trees constructed with TREECON are not consensus uees from a number of bootstrap 

trees, as constructed in the P H n P  package (Felsenstein, 1995). The generation of 

bootstrap values were achieved by selecting one sequence, from each data set, as the 

chosen outgroup for the bootstrap anaiysis. The program rooted every bootstrap tree 

and the original tree with this particular outgroup sequence. Saccharomyces cerevisiae 

was used to rwt trees for taxa set B, while Chma forrida was used as the outgroup 

sequence for taxa set A. All 100 bootstrap trees were based on the 100 resampled data 

sets and compared with the tree based on the original sequence aiignment The fraction of 

bootstrap trees containing specific clusters, as defined by the original tree, was computed. 

This caicuiation was performed for d l  clusters found in the original tree and is displayed 

as a percentage adjacent to the corresponding node. 

The DRAW program of TREECON for Windows v 1 -2 (Van de Peer and De 

Wachter, 1994) was used for graphical manipulation and annotation of the trees. Taxa set 

B topologies were rerooted at the intemode between the fun@ (Saccharomyces crrevzsiae, 

Schizosaccharomyces pombe and Dictyos~eüum discoi&urn) and the remainder of the taxa. 

The trees generated from each analysis were subjected to manual branch rotations at 

appropriate intemodes. The branch rotations maintained similar tree order thereby 

facilitating tree-to-tree cornparisons without altering tree topology. 

The series of distance-based phylogenetic analyses on taxa set A and B using 

various distance calculation aigorithms are summmized in Tables 8 and 9 (vol. II, p. 68- 



69). The resdts from each analysis are depicted graphically with a set of four trees. Each 

set consisting of a pair of trees with distance scales and a pair of trees with bootstrap 

values. The first pair of trees contains branch length information with the accompanying 

di stance scaie. The second pair of trees contains topology confidence measurements 

depicted on a 50% majorïty-rule bootstrap uee. The bootstrap trees contain oniy the 

clusters maintaining 50% majority-rule such that clusters with less than 50% support are 

drawn as polytomies. The second tree of each pair facilitates visual inspection by using 

triangles which represent the most consistent monophyletic clusters (clusters of taxa that 

share a basai node and are retained in the majority of distance calculations). 

2.7.2.1 Jukes & Cantor (1 969) distance caicdation 

The correction algorith of lukes and Cantor (1969) is the simplest rnethod for 

nucleotide substitution estimation. The one parameter model maintains the following 

assumptions; 1) that al1 substitutions at a given sequence position are independent, 2) 

that ail sequence positions are equally subject to change, 3) that substitutions occur 

randomly among the four types of nucleotides such that there is no bias in the direction of 

change, and 4) that no insertions or deletions have occurred. The Jukes and Cantor (1969) 

model estimates evolutionary distance from observed dissimilarity based on these 

assumptions. The number of nucleotide substitutions per site that actuaily have occurred 

since divergence of sequences A and B (evolutionary distance Da-*) is estimated b y : 

where S (dissimilarity) is the fiaction of different nucleotides between two sequences. 



2.7.2.2 Taiima & Nei ( 1984) distance calculation 

The Tajima and Nei (1984) aigorithm estimates the number of substitutions based 

on a four parameter model, assuming a so-called 'equal input' model. In this model, the 

rate of nucleotide substitution is assumed to be the same. Consequently, this algorithm 

does not take into account unequai rates of substitution among different nucleotide pairs. 

The TREECON program uses an average base composition computed £Yom al1 sequences 

analyzed (Van de Peer and De Wachter, 1994). in the correction of Tajima and Nei, the 

evolutionary distance (DM) is estimated by - 

w here 

where S (dissirnilarity) is the fraction of different nucleotides between two sequences and 

f, is the fiequency of the i-th type of nucleotide belonging to the set of possible 

nucleotide types N (=A,G,C,orT) in the sequences being compared. 

2.7.2.3 Kirnwa (1980) distance calculation 

nie Kimura algorithm is a two parameter model which provides a method for 

idem ng evolutionary di stance in which transitions and tranversions are treated separatel y 

(Kimura., 1980). In the correction of Kimura, the evolutionary distance (DAB) is estimated 

by: 



where P is the fraction of sequence positions differing by a transition and Q is the fraction 

of sequence positions differing by a transversion. 

2.7.2.4 Jin & Nei (1 990) distance calculation 

Several saidies suggest that the rate of nucleotide substitution varies 

approximately according to the gamma distribution (Jin and Nei, 1990; Nei, 199 1). This 

gamma distribution is specified by a parameter 'a' which is the square of the inverse of 

the coefficient of variation of substitution rate Wei, 1991). The Jin and Nei (1 990) mode1 

does not assume that the rate of nucleotide substitution is the same for al1 sites as this 

assumption rare1 y holds for red sequences (Van de Peer et al., 1993). For the Rkes and 

Cantor's one parameter model, the evolutionary distance (DM) is calculated as follows 

(Jin and Nei, IWO): 

for a= 1 

where the parameter 'a' was set to 1 for both data sets (Kumar and Rzhetshy, 1996) and 

where S (dissimilarity) is the fraction of different nucleotides between two sequences. 

For the Kimura's two parameter evolution model, the evolutionary distance (DAR) 

is calculated as follows (Jin and Nei, 1990): 

for a= 1 



where the parameter 'a' was set to 1 for both data sets and where P is the fraction of 

sequence positions differing by a transition and Q is the fraction of sequence positions 

diRering by a transvenion. 

2.7.2.5 Transversions on1 y distance calculation 

Distance calculation with tranversions only is suggested to be more informative by 

removing transition 'noise' which could block phylogenetic signal (Woese el al., 199 1). 

The evolutionary distance (Dm) is then estimated 8y (Tajirna and Nei, 1984; Swofford 

and Olsen, 1990)- 

where Q is the fraction of transversions and 

and f ,  + f, being the fraction of purines, and f, + f, k i n g  the fraction of pyrimidines, 

cornputed over the complete a l i p e n t  

2.7.2.6 No correction distance cdculation 

The sequences were analyzed also using distance calculation where no algorithms 

were used to correct for supenmposed mutations çuch that dissimilarity is equal to 

distance. The evolutionary distance (DAB) is estirnated by: 

Dm=S 

where S (dissimilarity) is the fraction of different nucleotides between two sequences. 



2.7.2.7 Van de Peer & De Wachter (1994) distance calcuiation 

The Van de Peer and De Wachter algorithm cornputes evolutionary distance 

between sequences taking into account the relative substitution rate of the individual 

positions in an alignment (Van de Peer et al., 1996~). The estimation of relative 

nudeotide substitution rates and computation of the evolutionary distances taking into 

account rate calibration were done as follows: 

For an alignment of N sequences, N(N-1)/2 painvise evolutionary distances d are 

compiited according to the equation of Jukes and Cantor (1969): 

where f is the dissimilarity or fraction of  observed substitutions between two sequences. 

M e r  al1 pairwise distances were cornputed, they were classified into a number of 

distance intervais, and the fraction of sequence pairs which fell within a certain distance 

intervai and were charactenzed by a nucleotide change was calculated. This was done for 

every nucleotide position and the fraction was plotted against the mean distance interval 

(Van de Peer et al., 1996~). 

A curve obeying equation: 

was then fitted to these points by nonlinear regression. Equation 2 expresses the 

probability pi that an alignment of position i contains a different nucleotide in two 



sequences, as a function of the evolutionary distance d separating these sequences. The 

dope of the curve in the origin yields the specific nucleotide substitution rate v, for the 

position under consideration. 

At this point, the estimated nucleotide substitution rates were derived on the basis 

of a distance matrix computed by means of equation 1 and, therefore, are not yet optimal. 

This equation provides only an initial approximation of the relation between dissimilarity 

and distance, since it starts from the unrealistic assumption that al1 nucleotides have the 

same substitution rate (Jukes and Cantor, 1969). Therefore, af'ter estimation of d l  vi  

values, alignment positions were grouped into sets of similar variability producing a 

spectrum of relative nucleotide substitutions rates. Once the shape of the spectmm was 

known, the following equation was used to determine dissimilari ty, f , as a function of 

the evolutionary di stance d (Van de Peer et al., 1 996~) :  

The value of the parameter p depends on the shape of the substitution rate spectmm. 

The inverse of equation 3 gives: 

The equation 4 calculates a more accurate conversion of dissimilarity into distance than 

equation 1. Equation 4 was used to convert pairwise sequence dissirnilarities into 

evolutionary distances. Then relative substitution rate of each alignment position was 

estimated again on the basis of these new evolutionary distances, as described above, and 



a new specmrn of evofutionary rates is denved. This iterative process was repeated 

severai times until the nucleotide substitution rates, v, , stabilized. Three iterations were 

found empirically to be suficient for both taxa set A and B. 

2.7.2.8 No correction distance calculation with corn partmentalization 

The variable nucleotide positions in taxa set B were partitioned equally into five 

categories (1 through 5) based on their relative nucleotide variabilities (v, ) . The categories 

were developed by determining fira v, for each nucleotide position as previously 

described by Van de Peer et o1. (1996~) .  The v, values were calculated using the program 

MATRIXW of TREECON for Windows v1.2 (Van de Peer and De Wachter, 1994). The 

relative nucleotide substitution rates were estirnated for each of the alignment positions 

that were not conserved absolutely and that contained a nucleotide in at least 25% of the 

aligned sequences. The output file generated by M A T W  was imported into a 

computer spreadsheet program (Excel v5, Microsofl) for manipulation and sorting. 

Absolutely conserved alignment positions were assigned to category '6'. Al1 

aiignment positions which contained nucleotides in less than 25% of the aligned sequences 

were placed in the category '0'. Al1 nucleotide positions which contain alignment 

ambiguities were categorized in '- 1 ' . 

The distance calculation made without compensation for superimposed mutations 

was described above. The distance calculation was performed on a series of subsets of 

the original data set B. Each subset or cornpartment included only nucleotide positions 

which fitted within defined categories. Three compartments were formed as follows: A) 



categories 0,1,2,3,4 B) categones 0.1.2 and C) categories 2.3.4,5,6. This 

cornpartrnentalization provided subsets of alignment positions representing data of sorted 

variability from the taxa set B alignment. These subsets were subjected to phylogenetic 

anal y sis using di stance-based calculations with no aIgorithmic correction for 

superîmposed mutations. 

2.7.2.9 Accounting for insertions & deletions 

All distance calculations were performed also with insertions and ddetions taken 

into account. This calculation was perfonned as an option using the progra.cn 

MA- of TREECON for Windows v1.2 (Van de Peer and De Wachter, 1994). The 

MA= program provides output that was used as an input file for the neighbor- 

j oining tree constniction method. For example, the evolutionary distance according to the 

Jukes and Cantor ( 1 969) mode1 i s then cal culated as (Van de Peer et al., 1 996~): 

where 1 is the nurnber of identical nucleotides, Su is the number of positions showing a 

substitution and G is the nurnber of gaps in one sequence with respect to the other. T is 

the sum of 1, S and G. The first term of the equation accounts for substihitions and 

comprises the Jukes and Cantor correction factor for multiple mutations per site. The 

second term accounts for deletions and insertions. A row of adjacent gaps is treated as 

one gap, regardless of its length. Ambiguities (N) are not taken into account. 



2.7.3 Overdi strict consensus tree 

The overall h a  consensus tree represents absolute corroboration of clusters in 

the bootstrap trees which were generated from dl  tree construction methods. 

Dendrograms for taxa set A and B representing a strict overaIl consensus tree were 

constructed by visual inspection of al1 50% majority-rule bootstrap uees. Only clusters 

which are maintained strictiy in the bootstrap trees from ail phylogenetic analyses are 

depicted. Any variation of taxa clustenng among the phylogenetic approaches resuited in 

those affecteci taxa being displ ayed as pol ytomies . 

2.8 Secondary structure 

The secondary structure model for Physcomitrella 18s rRNA was drawn 

clockwise in the 5'-3' direction. Helix numbering is according to Van de Peer et al. 

(1997). The prirnary structure data for Physcomitrella was collected from GenBanli 

accession X80986. The secondary structure information dong with helix numbering was 

extracted from the DCSE alignment file described above. The model was construaed 

manually using a computer graphics program (FreeHand v7.0, Macrornedia) with some 

sections preassembled using a RNA secondary structure computer program OoopDloop, 

Gilbert, 1 992). 



2.9 Variabiiity map 

A secondary stnicture model for lower plant srnail-subunit rRNA was generated 

by superirnposing relative substitution rate variabilities on the 18s rRNA secondary 

structure model of Physcomitrella (vol. II, p. 57). The relative substitution rates ( v, ) 

were calculated using 43 taxa representing al1 major groups of lower land plants, 

designated taxa set C and are listed in Table 3 (vol. II, p. 35). The positions belonging to 

five sets of average variability based on a quantitative estirnate of relative substitution 

rates are indicated by different colors. These colors in order of most variable to least are 

red, orange, yellow, green and blue. The five categories represented by these colors were 

assigned by equally partiûoning the a l ignent  positions for which quantitative estimates 

of relative substitution rates could be calculated. The absolutely conserved positions 

(v, = 0) are indicated in purple. Sites colored white belong to areas that are highly 

variable but are deleted in at least 75% of the sequences thereby not allowing accurate 

rneasurement of their relative evolutionary rate. Gray sites indicate alignment positions in 

which pnmary and secondary structure information did not provide enough information 

to allow unequivocal dignment. 



3. RESULTS AMI DISCUSSION 

3.1 Nudear-encoded rRNA sequence data acquisition 

3.1.1 Species sam pling 

Green plant 18s rDNA sequence data from the several public databases provided 

ample representatives frorn most major monophyletic limages, dthough, at the outset of 

this project, there was significantiy poorer representation in a few groups. In the 

Bryophyta, several 18s rDNA sequences frorn the Hepaticopsida and Bryopsida were 

available, but sequence data for only one species from Sphagnopsida and two species 

from the Anthocerotopsida were listed. In addition, Filicophyta representation was 

relatively sparse. 

T O reduce the impact of species sampling artifacts upon inferred phylogenies, it 

was imperative that these putative monophyletic groups were represented properly. The 

Filicophyta group was strengthened by addition of another fern, Pteris vinata. The 

Antherocerotopsida class was augmented with two additional species of homworts, 

Megacrros aetzigmuticus and Notophylas breutdu. The S phagnopsi da class was enhanced 

b y the addition of Sphu,zum palustre. P. patetis was added to the B ryopsida class, 

principally to determine the placement of this moss species which is used extensively in 

developrnental studies and is becoming a quite important plant mode1 system (Ashton et 

al., 1993). 



3.1.2 DNA amplifcation 

The results of the first round of PCS  which generated NS1-NS8 PCR products 

used subsequentiy as ternplates for the semi-nested and nested PCRs, is show in Fig. 2 

(vol. ii., p. 5). The resulting PCR amplicons produced the expected fragment size of 

approximately 1800 bp without any nonspecific amplification products. Fig. 3 (vol. II, 

p. 7) shows the results of the semi-nested and nested PCRs using the NS1-NS8 amplicon 

as template. Each reaction produced an amplicon of expected sized with the 

corresponding 'no DNA reamplification' controls showing no bands indicative of clean 

amplification reactions. 

3.1.3 DNA sequeneing 

A typical electropherogram generated by analyzing gel images captured on the 

DNA sequencer is shown in Fig. 4 (vol. II, p. 9). Each electropherogram represents the 

results of a single DNA sequencing reaction and the assemblage of the cycle sequencing 

results for P. puteiîs, M. uenigmuticirs, N. breutefu, P. v~nuta and S. palusire are shown in 

Fig. 5, 6, 7, 8, and 9 respectively (vol. II, p. 12-26). 

After initiation of the project, the sequence of the Physcomitrella 18s rRNA gene 

was determined independently by Capesius, 1995 (GenBank accession X X80986). and 

the sequence data obtained in this project was cornpared via  a homology alignment in Fig. 

10 (vol. 4 p. 27). The iocations of the primers used in this shidy relative to the 

complete sequence of the Physcomitrella 18s rRNA gene are identifieci in Fig. 1 (vol. LI, 

p. 3) and correspond to the sequence presented in the lower line of the homology 

alignment in Fig. 10. The upper line of the homology alignment represents 



Physcornitrella 18s rDNA sequence data generated in this project with 'Ns' representing 

unresolved nucleotides. The location of the pnmers used for the PCR and sequencing 

reactions dictated that ody approximately 94% of the whole Physcomi~ella 18s rRNA 

gene sequence could be determined. Almost 100% of the obtainable sequence data was 

determined for the Physcomit.reIIa 18s rRNA gene with the exception of the four 

nucleotides at positions 1 123, 1 13 1, 1 139 and 1 17 1 as indicated with 'Ns' in Fig. 10. 

The homology assessment between the two independently determined 

Physcomitrella 18s rDNA sequences revealed over 99.8% agreement. Oniy two 

differences were found. The nucleotide at position 1519 is recorded as a 'G' in GenBank 

# 80986 but was identified as an 'A' by the sequencing work of this project. The other 

disagreement between the two sequences stems from the placement of a 'C' either at 

position 1526 or 1530. 

3.2 Sequence alignment and secondary structure information 

The results of the sequence aiignment of the 18s rRNA genes for 67 taxa 

designated as taxa set B (Table 3, vol. 4 p. 35) are presented in Appendix G (vol. II, p. 

220-265). The aiigned sequence length is 2,198 nucleotides of which 1,165 positions 

(53%) are invariant across all taxa. A position with a single nucleotide aiigned against a 

gap or missing data in the other sequences is treated as invariant, as are positions with 

identicai nucleotides in d l  sequences. The remaining 1,033 nucleotide positions represent 

either point mutations (substitutions in one or more orthologous sequences) or indels in 

one or more of the sequences. 



The DCSE alignment presented in Appendix G contains the postulated 18s rRNA 

secoodary structure pattern for al1 67 taxa in encoded form. The symbols used to indicate 

the secondary structure elements are described in Appendix G (vol. II, p. 2 1 9) and are 

used in concert with the helix numbering (Row 63) proposed by Van de Peer ei al. (1 997). 

The 18s rRN.4 sequences are written in the 5' to 3' orientation with the secondary 

structure symbols intercalated between the primary sequence characters. 

The most problematic aspect of the sequence digrnent was the 

positioning of the indels through the introduction of gaps into the sequences and ensuring 

that these gaps tmly represented insertion and deletion events. Secondary structure 

information was used to assist in the alignment of these areas. A typical exarnple 

illustrating the usefulness of the secondary structure information in the sequence 

alignment procedure is located on p. 235 (vol. II). At position 766, 767 and 768 there are 

three 'Cs' in the sequence of Physcornitrella (Row 67). These three nucleotides represent 

the 5' strand of helix E23- 1 irnmediately before the terminal loop of the helix containing 

the sequence 'CUUGU'. The alignment of the rnost 3' 'C' of these three nucleotides and 

the nucleotides in the loop is quite arbitrary based on primary sequence structure and 

several alignrnent rearrangements would satisQ the rnaximized nucleotide identity 

piinciple. Typically, these nucleotides would be removed from the analysis and labeled 

as ai-bitrary alignment positions or worse they would be retained for phylogenetic 

andysis and perhaps aligned incorrectly with a correspondingiy erroneous homology 

staternent. However, secondary structure information about the 3' region of the E23-1 



helix immediately following the terminal loop shows that three 'Gs' would pair up with 

the three 'Cs' on the 5' region of the E23-1 helix. Coosequently, the alignment of the 

most 3' 'C' and likewise the most 5' 'G' are no longer arbitrary and cm be used correctly 

in phylogenetic estimation. The alignment of 'CUUGU' remains arbitrary but is 

recognized as such since it is identified to lie in a highly variable terminal loop region of 

helix E23-1. 

The alignment of 67 orthologous 18s rDNA sequences produced 66 positions for 

which hornology assessrnent remained arbitrasr. These positions are indicated with '-1 ' 

in the colurnn headings of the MacClade matrix (Appendix Y vol. II, p. 268-344) and 

were rernoved for al1 phylogenetic estimations. This exclusion reduced the data set in a 

procedure temed 'culling' which has been generally accepted as an appropriate method 

for the objective treatment of 'alignment ambiguous' sites (Gatesy et al., 1993; Wheeler et 

ai., 1994). 

The proposed secondary structure cm also provide corroborating evidence for 

sequence accuracy. The accuracy of the sequence data used in this project and their error 

status are indicated in Table 3 (vol. II, p. 35). The proposed secondary structure of helix 

46 for 18s rRNA provided additional support for the Physcomitrella sequence data 

presented in this project. The Physcornitrella 18s rRNA sequence given in GenBank # 

80986 requires the integrity of helix 46 to be maintained with oniy five conventional base 

pairings which are split with three unconventionai base pairings containing an internal 

bulge with one unpaired base and forcing an unstable terminal bop of three unpaired 

nucleotides (Fig. 14, vol. II, p. 52). The correcteci Phy scomitrella 1 8 S rRNA secondary 



structure, deduced from primary sequence data generated in this project, proposes a much 

more stable helix 46 consisting of six conventional base p a i ~ g s  intempted with only 

two unconventional pairings and with a more stable terminal loop of four unpaired bases 

(Fig. 15, vol. n, p. 54). 

3.3 Assessrnent of phylogenetic signal and variabüity 

Waters et of. (1992) estimated the phylogenetic signal in plant, including 

bryophyte, 18s rDNA using homoplasy excess ratio (HER) (Archie, 1989). Fams 

(199 1) describes both the computational drawbacks and statistical inconsistencies of HER 

and associated statistics as derived by Archie (1989). Because of these statistical 

inconsistencies, the practicai use of HER is diminished (Desaile et al., 1994). 

Furthemore, Ashton et al. (1992) pointed out that the signal was assessed on a data set 

containing sequencing errors and ambiguities, poorly aligned sequences and where some 

sequences were less than 50% cornplete. 

Estimation of phylogenetic signai for the 18s rRNA gene sequence data used in 

this study are found in Appendix C (vol. II, p. 36). The shape of the tree-length 

distribution that results from a panimony analysis of a random subset of ail aees for taxa 

set B is given in the upper graph of Fig. 1 1 (vol. II, p. 37). The frequency distribution of 

1ene;ths of random trees for taxa set B is visually close to symmetrical and the skewness, 

as rneasured by the gl statistic (-0.6235), indicates that a lirnited arnount of phylogenetic 

signal exists in the data. The results of this test provide some indication that the data in 

taxa set B is more structured than random sequences and that further phylogenetic 



analysis is warranted. However, the signal is weak as evidenced by the syrnmetry of the 

distribution and the g, statistic of -0.6235. A study by Huelsenbeck (199 1) examined the 

relationship between lengtb of the correct tree and skewness of the tree-length 

distribution in simulated phylogenies. Using simulated phylogenies, in which the true 

tree was hown, the study found that the optimal or most parsimonious tree is likely to 

be the correct tree only in analyses of data sets that produced tree-length distributions 

which are significantly more skewed than expected from random data. The 9 g 0 ?  

confidence limit for the skewness statistic (g,) for random DNA sequence data was for 

values greater than -0.46. Examples of data sets, that gave correct tree topologies, had 

produced also significantly skewed tree-length distnbutions with gl statistics lower than 

-2.0. The gl statistic of -0.53 30 for taxa set C and the close to s ~ m m e ~ c a l  frequency 

distribution of random tree-lengths (lower graph of Fig. 11, vol. 4 p. 37) suggests that 

very little phylogenetic signal exists in the lower plant 18s rDNA sequences. 

To complement the determination of phylogenetic signal, Appendix D (vol. iI, p. 

39) contains data which characterize the extent and location of nucleotide variability. Fig. 

12 (vol. II, p. 10) displays graphically the distribution of relative substitution rates 

estirnated from the alignment of 18s rDNA of taxa set B. For taxa set B, 649 positions 

were partitioned into 59 sets of similar variability and then further categorized into five 

sets of equal size as indicated by color. These five sets do not include 1 152 invariant 

positions or 65 'aiignrnent ambiguous' positions, nor do they include 3 19 positions that 

contain a gap in more that 75% of the aiigned sequences. n i e  graph demonsîrates that 

the amount of variability, as measured by vi (relative substitution rate), is not distributeci 



evenly with respect to the number of positions. In fact, sorne degrees of variability are 

represented over 40 times more frequently than othen. Also, the graph illustrates that 

after disregarding absolutely conserved residues, the most variable sites have a 

substitution rate -800 times higher than the least variable ones. 

Certainiy, this variability data invites examination of the utility of parsirnony for 

the phylogenetic estimation using 18s rDNA sequence data. Parsimony involves very 

stnngent assurnptions concerning the process of sequence evolution which includes the 

constancy of substitution rates across nucleotide sites (Stewart, 1993). Clearly, this 

assumption is not met with 18s rRNA gene sequence data and caution should be exercised 

with the utility of parsirnony by complementing fie analyses with other methods. 

A theoretical underpinning of phylogenetic analyses using 18s rDNA molecular 

data is the assumption that the 18s rRNA gene mutates at a rate which is slow enough to 

avoid spurious homoplasy. However, there are eight regions of the eukaryotic 18s gene 

that have been identified to be locations of increased variability (Neefs et al., 1993). It is 

important to ensure that the regions of increased variability do not contain too much 

'noise' through multiple substitutions. The inclusion of this highly variable data may be 

required for local analysis of closely related taxa but rnay translate into 'noisy data' and 

obscure phylogenetic signal for global analyses of the diverse plant taxa used in this 

study . 

Certainiy, sorne parts of the gene are invariant and are easily recognized by visual 

inspection of the data matrix (e.g. positions 46 1-480, vol. 4 p. 229). Conversely, visual 

inspection of the data matrix for highly variable positions is very subjective and error- 



prone. In addition, the variable regions for 18s rRNA genes identifid by Neefs et al. 

(1993) are not consistent with the taxa used in this study. Fig. 13 (vol. II, p. 42) displays 

the distribution of relative substitution rates with respect to the MacClade matrix 

(Appendix H) estimated frorn the aiignment of 18s rDNA sequence data of taxa set B. 

This figure depicts graphically that the distribution of variability is not confined to 

particular regions nor are there clearly delimited sections of extensive hypervariability. 

Closer inspection of the alignment positions and their associated variabilities are 

presented in Table 4 (vol. II, p. 44). The site number refers to the alignment position in 

the data matrix (MacClade matrix, Appendix H) where nonvariable alignment positions 

are excluded frorn the table. Al1 other positions that contain a nucleotide in at leaa 25% 

of die aligned sequences have a vuiability score which was generated with 3 iterations of 

the substitution rate cdculation (Van de Peer et al., 1996~). The category numbers and 

their respective color codes were derived from the defined categories displayed in Fig. 12 

(vol. ïI, p. 40). The categories divided the variable positions equally into five subsets 

frorn highest variabili ty (category 1) to Iowest variabdi ty (category 5). The relative rate 

limits of the subsets and corresponding category numbers are as follows: c 10 4.498 

(category 5); 10 -0.498 - iC)0.051 (category 4); 1 0" - 1 o'.~" (category 3); 1 0 ~ . ~ ~ ~  

(category 2); 1 0 ' . ~ -  1 0 ' . ~ ~  (category 1). Absolutely conserved positions (vi=O) are 

assigned to category 6. Aligment ambiguous positions are assigned to category -1. 

Category O sites correspond to alignment positions that are extremely variable, but that 

are deleted in too many sequences to allow a suficiently amrate measurement of their 



relaîive evolutionary rate. The MacClade data matrix (Appendix K) contains the category 

assignment for each digrunent position in the individual column headings. 

The most variable a l i m e n t  position for which homology assessment was 

possible is position # 819 (refer to Table 4, vol. ii, p. 62 and Appendix H, vol. 4 p. 

295). Visual inspection of the nucleotide variability with reference to closely related taxa 

suggests a small degree of spurious homoplasy. For example, the character state 'G' is 

found from yeast to corn, although, the character state is variable within the same genus 

of Iiverwort (Sphaerocmpus) and lycopod (Sela@zella). This position would be useful 

for local analyses but could contribute 'noise' in global analyses of ail green plant taxa. [f 

extensive homoplasy exists in the data set. the resulting 'noise' may be obscuring 

phylogenetic signal. 

Each position was assessed for its contribution to this 'noise' factor and analyses 

indicated that spurious homoplasy is not an issue with the data set used in this study. 

The extent of variability decreased sharply from the most variable position # 81 9 with a 

variability score of 42 to only 17 for position X 2 126 which is the 15th most variable site. 

Consequently, the number of sites exhibiting significant variability is very low and this 

corroborates the initial assessment of phylogenetic signal. For example, position # 2 126 

maintains only two character states over al1 lower and higher land plants (refer to 

Appendix H, vol. iI, p. 338). 

The location and extent of nucleotide variability were used in phylogenetic tree 

construction with a distance-based rnethod (Van de Peer el al., 1996c) to ensure branch 

lengths were not underestimateci. This novel rnethod for measuring the substitution rates 



of individuai nucleotides provides a more redistic relationship between sequence 

dissimilarity and evolutionary distance. Van de Peer et al. (1996b) have confirmed the 

successful use of this rnethod for phylogenetic inference using small subunit rRNA of 

green algae. 

The assigned categories were used also to compartmentalize the data into subsets 

based on variability. This gave a means to determine which nucleotides render 

phylogenetic signal for phylogeny reconstruction and to show exactiy where in the tree 

the alignment positions with their associateci signal provide resolution. 

3.3.1 Variability map for 18s rRNA of lower plants 

Figure 16 (vol. II, p. 56) shows a secondary structure mode1 for lower plant 18s 

r R N 4  where the positions belonging to eight sets of site variability data are indicated by 

colored dots. Five of these colors indicate different average variability and are; (in order 

of most to least variable) red, orange, yellow, green and blue. These five sets of 

variability were calculated, as described previously, using taxa set C (Table 3, vol. II, p. 

35) representing only lower plant taxa. Figure 17 (vol. II, p. 58) shows the distribution of 

relative substitution rates estimated from the alignment of lower plant taxa 18s rDNA. 

The colored areas in the spectra define sets of nucleotides indicated by colored dots on 

the variability map in Fig. 16 (vol. 4 p. 56). In Fig. 16, the variability of the nucleotide 

sites of lower plant 18s rRNA is mapped in the shape of the secondary structure model 

by superimposing the colors in Table 5 (vol. II, p. 60) on to the 18s rRNA secondary 

structure model of Physcomitrella shown in Fig. 15 (vol. II, p. 54). 



The dignment positions and their associated variabilities are presented in Table 5 

(vol. 4 p. 61-64). The site number refers to the alignment position in the data rnatrix 

(MacClade matrix, Appendix IX, vol. II, p. 268-344) where nonvariable alignment 

positions are excluded from the table. Ali other positions that contain a nucleotide in at 

least 25% of the aligned sequences have a variability score which was generated with 3 

i terations of substitution rate calculation (Van de Peer et al., 1996~). The category 

numbers and their respective color codes were derived from the defined categones 

displayed in Fig. 17 (vol. ii, p. 58). The categories divided equally the variable positions 

into five subsets from highest variability (category 1) to lowest variability (category 5) .  

The relative rate limits of the subsets and corresponding categories and colors are as 

foilows: < 10n.'28 (5, blue); 1 0 ~ - ' ' '  - 10°.'" (4, green); 10'.lM - l0~""(3, yellow); 10'"' - 

1 0°.90P (2, orange); 10 - 1 O lgO (1, rd) .  Absolutely conserved positions (vi=O) are 

assigned to the category 6 and given the color purple. Alignment ambiguous positions are 

assigned to category -1 and the 'color' grey. Category O and the 'color' white correspond 

to alignment positions that are highly variable, but that are deleted in too many sequences 

to allow a ~ ~ c i e n t l y  accurate meanirement of their relative evolutionary rate. 

The debate over differential weighting of stems aad loops is iduenced largely by 

the assumption that stem regions are more conservative than the single stranded Ioop 

regions (Wheeler and Honeycutt, 1988; Vawter and Brown, 1993). Intuitively, it seems 

logical that base paired regions should require compensatory mutations and consequently 

are less prone to point mutations. However, helix 10 (Fig. 16, vol. KI, p. 56), with a green 

and orange dot both facing a purple dot, illustrates that this is not an absolute tnith. 



However, in general, the two nucleotides of a base pair have the same or a neighboring 

color indicating they are about equally variable. 

The variability map presented in Fig. 16 illustrates also that even highly conserved 

stems can have highly variable positions. For example, helix 49, which is found in all 

small-subunit ribosomal RN& is highly variable as evidenced by red orange and yellow 

colored dots. Interestingly, helix 19 in bacterial rRNA shows extensive variability as well 

(Van de Peer et al., 1996a). Likewise, several single stranded regions are highly conserved 

as indicated with purple dots (e.g. the intemal bulge joining helices 33, 34,45, and 47). 

These exampies demonstrate the need for visualization and description of structural 

features as done in this study. 

In addition, the possible stabilizing effect of non-WatsonCrick base pairs 

providing transitka& structures that could serve as intermediates in the evolution of 

standard base pairs places the practice of differential weighting for transitions and 

transversions in question, especially when considering repeti tive genes such as 1 8s 

rDNA. This staternent can be substantiated easily with a rapid examination of the 

variability map in concert with the secondary structure mode1 for 18s rRNA of 

Physcomitrella (Fig. 15 and 16) which verifies within several helices that variable 

positions contai n non-canonical sequences ( e g  hel ix E23 - 1 ). 

Other notable features of the variability map (Fig. 16) include the cunous 

phenornenon of single highly vanable nucleotides amongst several absolutely conserved 

nucleotides (e.g. the single red dot in the intemal bulge adjacent to helix 26). The 

variability map also illusfrates that the exclusion of hypervariable regions, such as E23- 1. 



would discard some of tbe moa informative characters. The variability map graphicaily 

depicts the extent of aucleotide conservation in lower plant 18s rRNA as shown by the 

high number of purple dots. 

3.4 Phylogenetic analyses 

In an attempt to facilitate practical discussion and concentrate on the deeper 

phylogenetic relationships of lower plants, al1 tree descriptions will focus on significant 

differences from previous analyses which are characterized by confidence measurements 

indicating greater than 50% support. Miaor changes in topology could be discussed at 

length, but would confiict with the overall philosophy of the approach taken in this thesis 

which is to place ernphasis and confidence in phylogenetic outcomes shared by multiple 

methods. 

3.4.1 Character-based phylogenetic analyses 

Al1 phylogenetic trees pertaining to character-based phylogenetic analyses using 

parsimony can be cross-referenced with Table 6 (vol. II, p. 66), and maximum Iikelihood 

can be similarly indexed with Table 7 (vol. 4 p. 67). 

3.4.1.1 Parsimony 

Character-based analysis under the parsimony criterion produced four equally 

most parsimonious trees flength= 1589; CI=0.402; RI=O.6 19) for phylogenetic analysis 

with taxa set A. These trees were based on 369 parsirnony-informative characters from a 

data mavix containing 587 variant positions. These optimal trees were found with 

replicate number 5 and occupy 3 tree islands. These optimal trees were found 85 



addi tional times in 100 mdom-addi tion replicates with tree-bisection-recomection 

(TBR) branch-swapping performed (total number of rmangements tried = 13,730,714). 

The 50% majority-rule consensus tree of these four most parsimonious trees is 

displayed in Fig. A (vol. II, p. 72). These trees differed mostly in positioning of 

Sphpnrm q. and Filicophyta taxa. One of these trees differed considerably with respect 

to the placement of Bryophyta species and basal branching of al1 lower plant taxa. The 

consensus tree suggests a polyphyletic phylogeny of Byropsida and Hepaticopsida 

clades. The tree aiso proposes higher plants are a rnonophyletic lssemblage with al1 

lower plants including fems evolving separately with the exception of Selugi~zeCa sp. 

which have been placed basai to al1 land plants. This last relationship is dramatically 

different from those found frequentiy in the literature and is most likely an artifact of the 

analyses due to branch attraction effects of SeIagii~eIIu sp. to the outgroup. Van de Peer 

ef ai. (1993) have demonstrated that sequences of OTUs with higher evolutionary rates 

tend to cluster closer to the base of the tree. Srlirgii~ello sp. 18s rRNA gene sequences 

demonstrate hi@ evolutionary rates which is evidenced by their long branches. These 

long branches contain over eighty steps in each of the four most parsimonious trees (data 

not shown) and is also seen in phylograms of al1 distance-based analyses. Consequently, 

this branch attraction effect was witnessed in al1 subsequent phylogenetic estimations 

with taxa set A and this artifact will be appropnately removed from any further 

discussion. 

Al1 relationships of lower plant taxa and basal lineages are dissolved completely in 

the 50% majority-de bootstrap tree presented in Fig. B (vol. II, p. 73). This indicates 



that the data have provided linle support for these relationships, and consequently, we 

cannot assume any confidence in the relationships of the Byropsida or other lower plant 

taxa. ffillis and Bull (1993) have pointed out that bootstrap analyses resulting in 50% 

rnajority-de bootstrap trees can result in overestirnates of accuracy for correctly 

inferring the tme phylogeny. They demonstrated that sequences which exhibit unequal 

rates of evolutionary change are most susceptible to this phenornenon. Ln an effort to 

ensure the bootstrap values are not being misinterpreted, decay analyses were performed 

and the results are presented in Fig. C (vol. II, p. 74). The decay indices concur witb the 

bootstrap values by providing correspondingi y weak support for the relationshi ps 

suggesting bryophyte genealogy and other relationshi ps among the lower plant taxa. 

Specifically, decay indices as low as 2 are found supponing clusters of bryophyte classes 

which correlate with bootstrap values of GO%. Similarly, a decay index of 30 is found 

supporting the relationship between two Sphagnm species and this corresponds to a 

bootstrap vdur of 100%. Clearly, bot. assessments of confidence suggest that the data 

set supports the resolution of closely related species but offers li ttle confidence with 

respect to the revelation of deeper phylogenies. 

The phyiogenetic analysis of taxa set A using maximum parsimony produced 

dendrograms which appeared susceptible to taxon sampling and wtgroup effects. The 

acquisition of a faster computer later in the study permitted a more cornprehensive 

analysis with taxa set B. The addition of 26 sequences to taxa set A allowed better 

representation of the presumed monophyletic groups and allowed the addition of green 

algae and h g i  to the analysis. The addition of the green algae provided a 'buffer-zone' 



between the b g a l  outgroup and the taxa of p hy logenetic investigation. C haracter-based 

analysis of taxa set B, under the parsimony criterion, produced 88 equally most 

parsirnonious trees (length=3 156; CI4.357; RI=0.595). These trees were based on 586 

panimony-informative characte= from a data mahx containhg 993 v a r k t  positions. 

These optimal trees were found with replicate number 17 and occupy 4 tree islands. 

These optimal trees were found 46 additional times in 100 random-addition replicates 

with tree-bisection-reconnection (TBR) branch-swapping perfonned (total number of 

rearrangements tried = 159,744,909). The 50% majority-de consensus tree of these 88 

most parsimonious trees is displayed in Fig. D (vol. II, p. 75). 

in al1 optimal trees found, the following groups were monophyletic: 

Anthocerotopsida, Magnoliophyta, Pinophyta, Isoetopsida, Lycopodiella, Charaphyta, 

and Chlorophyta. These monophyletic clades agree with the established phylogeny for 

these taxa, with the exception of Charaphyta since most phylogenies suggest this group is 

paraphjdetic wi th Coleochaetales closest to the embqophyte clade (Kranz el al., 1 995). 

However, several relationships of the clades presented in Fig. D concur with recent 

analyses in the literature. The Charophyceae and the orders circumscribed within it are 

placed basal to the Streptophyta lineage (Bremer, 1985; McCourt, 1995; Surek ÇI al., 

1995). The angiosperms are a monophyletic group and are a sister group to the 

gymnosperms, which is in agreement with the widely accepted phylogeny of these 

groups (Chaw et al., 1997). 

The placement of the green dgae at the base of Streptophyte lineage and higher 

plants at the top (e-g. Magnoliophyta and Pinophyta taxa) coiocides with the 



dernonstrated phylogeny of this lineage. Accordingly, these taxa were included mainly to 

provide 'boundaries' or 'guideposts' for the focus of this investigation which is the 

placement of the taxa between these two groups. The placement of the lower plants has 

already been established to lie somewhere in the middle of these two groups and the 

dendrogram presented in Fig. D does not disagree with this contention. fhis 'framing' of 

the lower plant taxa provided a bufTer-zone which diminishes the arti factual effects of 

taxon sarnpling and outgroup selection which was suspected to be problematic in taxa set 

A (the original data set). 

The tracheophyte lineage begins with the monophy letic Lycopodiophyta. Recent 

work of Stewart and Rothwell(1993) and Kranz and Huss (1997) support the placement 

of Lycopodiophyta at the base of the tracheophyte lineage. The monophyly of 

Lycopods is in agreement with the work by Niklas and Banks (1990) and Kranz and 

Huss (1997) but disagrees with polyphyletic phylogeny presented by Gahary et al. 

(1993). The tracheophyte lineage continues with the paraphyletic phylogeny of the 

fems, within which the horsetails and whiskfems branch, and the lineage ends with the 

higher plants as expected. 

Debate concerning bryophyte phylogeny has been whether the group is 

paraphyletic (Mishler and Churchill, 1984, 1985; Waters et a(., 1992; Hedderson et al., 

1996) or monophyletic (Garbary el al.. 1993). The bryophyte phylogeny determined 

with parsimony andysis using taxa set B supports the paraphyletic assemblage with 

most of the Bryopsida a sister group to the tracheophytes. Two moss species; Atrichum 

unduhtum and Po~tr ichm fom- fmed a sister group dong with some livenvorts 



to the monophyletic homwort clade. This hornwort-moss-liverwort group was found to 

be a sister clade to the tracheophyte lineage. Interestingly, two moss species are found 

more closely related to higher plants than dl other lower plants including fems. The two 

Spha- species occurred in th is  position in 84 of the 88 most parsirnonious trees. 

Some Hepaticopsida emerge as a basal group among the land plants which is 

supported by earlier work (Mishler and Churchill, 1984, 1985; Mishler et al., 1992; 

Waters et al., 1992) but disagrees with the more recent work of Hedderson et d (1996) 

which places homworts as the basal group among land plants. Furthemore, the 

Hepaticopsida group is not monophyletic since some liverwort taxa group with the 

Anthocerotopsida clade which is contrary to work of Garbary et al. (1993). These 

liveworts which group with the homworts comprise the subclass of le@ Iivenvorts 

called Jungermanniopsida. Interestingly, the livenvort taxa which fonn the basal group to 

d l  land plants consist of only thalloid liverworis which comprises the Subclass 

Marchantiopsida. There appears to be a distinctly separate evolution of these two 

subclasses of liverworts and this separation has been reported elsewhere (Capesius, 1995; 

Bopp and Capesius, 1996; Capesuis and Bopp, 1997). 

Clearly, the phylogeny of lower plants illustrated in Fig. D (vol. II, p. 75) 

presents some relationships which could find support with one or a few previous 

publications. However, the resolution of the debate over the phylogeny of lower plants 

should not be conducted by strengthening the support for particular relationships or 

finding weakness in others by quoting the number of published trees conforming or 

di sagreeing with a phylogeny . This would be especiall y inappropnate given the concerns 



identified in the introduction of this thesis which perrain to the questionable phylogenetic 

estimation of most if not al1 the published trees. Therefore, this thesis will claim support 

for phylogenetic relationships only by measuring confidence with bootstrap analyses. 

The 50% majority-de bootstrap tree found using maximum parsimony with taxa 

set B is presented in Fig. E (vol. II, p. 76). The tree is highly polytomous for deeper 

levels of lower plant phylogeny. The strongly supported clusters of lower plants 

presented in Fig. E is found primaily at the tips of the branches. Again, the data set 

allows the resolution of closely related species but offers linle confidence in deeper 

phylogenetic separations. The only deep phylogenetic separation of the lower plants 

which is supported by bootstrap analyses is the suggested rnonophyly of the 

Lycopodiophyta group but with only 55% confidence. 

3.4.1.2 Quartet puulinp, 

The maximum likelihood method for reconstnicting phylogenetic relationships is 

anothcr character-based method and works by trying to evaluate the probability of 

observing a particulas set of data. Maximum-likelihood techniques are championed by 

many researchen from the population genetics tradition as the preferred phylogenetic 

estimation approach (Mishler, 1994). However, maximum likelihood's computational 

complexity prevents phylogenetic estimation for large numbers of taxa. Quartet p d i n g  

can be applied to data sets with a much greater number of taxa dian can other search 

algorithms such as stepwise addition (e.g. fastDNAml, Olsen et al., 1 994). However, it 

has been recognized that quartet puuling's ability to reconstruct the true tree is less than 

that of fastDNAmi (Strimmer and Von Haeseler, 1996). Nevertheless, the large number 



of taxa in this saidy and popular acceptance of the validity of the maximum likelihood 

approach justify arnply the employment of quartet puuling. 

The results of quartet p d i n g  on taxa set A is presented in Fig. F (vol. 4 p. 77) 

and the results using taxa set B is presented in Fig. G (vol. II, p. 78). The deeper 

phy logenetic relationships remain unresolved as was the case using parsimony anal y sis 

and taxa set B. However, taxa set A (Fig. F) proposes a separate evolution of the higher 

plant taxa (e.g. Magnoliophyta and Pinophyta) from al1 other tracheophytes and lower 

land plants. This is a controversid finding and contlicts dramatically with accepted 

phylogeny of the streptophyte lineage. Such a resuit may depend upon a taxon sampling 

effect confounded by the maximum likelihood pnnciple as a similar result was obtained 

with fastDNAml (see below). 

3.4. i, -3 Maximum likelihood 

The tradi tional maximum likelihood calculation with stepwise addition generated 

long mn tirnes. Consequendy, analyses was penormed ody on the reduced taxa se& A. 

The results of the caiculation are shown in Fig. H (vol. II, p. 79). The maximum 

likelihood analysis was conducted on 681 distinct data patterns found in taxa set A, and 

examioed 3493 alternative trees producing the final tree with Ln likelihood of -13491.72. 

The results of the bootstrap analysis are given in Fig. 1 (vol. II, p. 80). 

The phylogeny in Fig. 1 coincides with results obtained using quartet p d i n g  

since it too suggests a separate evolution of the higher plant taxa. However, such a 

phylogeny requires confirmation derived from other analytical methods (see above). The 

computationd requirements of this method permitted only 10 bwtstraps of the data and 



therefore extra caution is needed for interpretation of the confidence measurements. In 

fa* the bootstrap tree produces a different phylogeny from that of the original analysis 

by clustering the fems and some fern allies with the higher plants. This reinforces the 

conviction that trees displaying a completely separate evolution of higher land plant taxa 

are spurious. The remainder of the uee fails also to determine deeper green plant 

phylogenies. However, branch tips are resolved as  with previous data sets and methods. 

3.4.2 Distance-based phylogenetic analyses 

All phylogenetic trees pertaining to distance-based phylogenetic analyses can be 

cross-referenced with Table 8 for taxa set A (vol. II, p. 68) and Table 9 for taxa set B (vol. 

4 p. 69). Each phylogeneîic estimation using distance-based approaches resulted in the 

production of four trees. The first pair of trees are phylograms depicting branch length 

and have the accompanying distance scale located at the top of the page. The second pair 

of trees display the results of bootstrap analyses and have the accompanying bootstrap 

values shown as percent. Al1 branches yielding less than 50% support are collapsed to 

produce a 50% majority-rule bootstrap tree. It is important to note, however, that these 

bootstrap trees are not constructed with the consensus tree approach as are the 50% 

rnajority-nile bootstrap trees used in the character-based analyses. Radier, the results of 

the bootstrap analyses for distance-based analyses are displayed on the original 

phylogram with branches showing less than 50% support coliapsed to produce 

pol ytomies. 

Table IO (vol. LI, p. 70) surnmarizes consistent monophyletic clusters found in al1 

distance-based analyses. These monophyletic clusters constitute the aiangles shown in 



the second tree of each pair of trees. The trees with the monophyletic clusters displayed 

as triangles have the same figure label as the original tree on the preceding page. The 

second tree with the monophyletic clusters shown as triangles is used to illustrate the 

relationshi ps among the major groups more clearl y. 

3 -4.2.1 Neighbor-joining analysis with Jukes & Cantor (1 969) distance calculation 

Figure AlB (vol. iI, p. 147-148) shows the results of the neighbor-joining andysis 

on taxa set B using Jukes and Cantor (1 969) distance calculation with branches çhowing 

less than 50% support by bootstrap andysis dissolved to form polytomies. The 

significance ciifference seen with this phylogenetic estimation is the placement of 

Kkbsonnidim flaccidurn and Coleochaetr scutafa. These results place Coleochaetales as 

the closest green algae to the embryophyte clade. Resolution of the relationships of the 

bryophytes and other Iower land plants remained unsupporied which is indicative of the 

pwr phylogenetic signal available for deeper phylogenetic analyses. Again, the 

phylogeny of closely related taxa and other overall relationships identified in previous 

descriptions for taxa set B remain unchanged both with and without correction for 

insertions and deletions. 

Jukes & Cantor distance calculation on taxa set A with no correction for indels 

displays a separate evolution of the higher plants (i.e. Pinophyta and Magnoliophyta) 

from the rest of the Streptophyta lineage (Fig. AIS, vol. 4 p. 81-82). This arrangement 

concun with parsimony analyses of taxa set A (refer to Fig. A, vol. II, p. 72). Analysis 

of taxa set A with correction for insertions and deletions (Fig. A2S, vol. II, p. 85-86) 

produces no significant changes in tree topology but does produce reduced bootstrap 



support for some deeper clustering of the lower plant taxa. However, bootstrap analyses 

provides 75% support with correction for indels and 73% confidence without indel 

correction for a separate evolution of the higher plants (Fig. A2SB. vol. 4 p. 87-88). 

Although this arrangement has been seen in previous character-based analyses with taxa 

set A, this is the first time bootstrap analyses supports this separate evolution of higher 

plants. As discussed previousl y, this arrangement is highl y controversial and suspect due 

to outgroup and other species sampling concems with taxa set A. Notably, taxon 

arrangements at the tips of the branches maintain both identical clustering and high 

bootstrap support with ail previous analyses including taxa set B (e-g. the topology of 

very closely related species is maintainecl). 

Funher evidence which substmtiates bootstrap values is branch length. AI1 

distance-based phylogenetic trees are displayed as phylograms thereby depicting genetic 

distance between nodes. The branch length is congruent with the amount of phylogenetic 

signal supporting each cluster in the tree with short branches indicative of low 

phylogenetic signai supporting the corresponding cluster. Al1 phylograms produce 

repeatedly short branches for deep phylogenetic relationshi ps of the lower land plants. 

Conversely, closely related taxa and their consistent clustenng which are demonstrating 

high bootstrap support have also long branch lengths. The consistency of this 

observation is significant but for the sake of brevity will not be reiterated with each 

distance caldation analysis. 



3 A.2.2 Neighbor-i oining anai y sis with Taiima & Nei ( 1 984) distance caiculation 

Al1 phylogenetic trees produced by aeighbor-joining with Tajima & Nei (1 984) 

distance calculation and with correction for indels for both taxa set A and B produced 

trees identical to those obtained from the previous distance dcdation. Similar s h d i n g  

of branches was noted with taxa set A, although, no signifiant aitemations to uee 

topology were observed. The results of neighbor-joining analyses with Tajima & Nei 

distance calculation can be found on p. 89-97 (vol. IX) for taxa set A (Fig. B 1 S. B 1 SB, 

B2S, and B2SB) and p. 153-160 (vol. II) for taxa set B (Fig. B1, B IB, B2, and B2B). 

3 -4.2.3 Neighbor-ioininpr analvsis with Kimura (1980) distance caiculation 

Neighbor-joining analysis with Kimura (1980) distance caiculation produced a tree 

topology for taxa set A (Fig. CIS, vol. II, p. 97,98 & Fig. C2S; vol. II, p. 101, 102) which 

was fully restored to the topology observed with Jukes & Cantor distance calculation 

(Fig. AIS & A2S. vol. II, p. 81-85) regardless of treatment ofindels. Taxa set B (Fig. Cl, 

vol. il, p. 16 1 & Fig. C2, vol. II, p. 165) retains similx topology with al1 previous 

distancc calculation analyses. 

3 -4.2 -4 Neighbor-joininp, andy sis with Jin & Nei (1 990) distance caiculation 

The results of Jin & Nei distance calculation with both Jukes & Cantor and 

Kirnura 2-p evolution models can be found on p. 105- 120 (vol. II) for taxa set A (Fig. 

D I X ,  Dl.lSB, D1.2S. D1.2SB, D2.1S, D2.1SB, D2.2S, and D2.2SB) and p. 169-184 

(vol. II) for taxa set B (Fig. D1.1, Dl.lB, D1.2, D1.2B, D2.1, D2.1B, D2.2, and D2.2B). 

Again, no significant changes are observed for either taxa set from the topologies 

prwi ousl y descri bed. 



3.4.2.5 Neiphbor-j oiniag analy sis wi th transversions only distance calcdation 

Drainatic topology changes are observed with tranversion only distance 

caiculation for both taxa sets. The results of these analyses can be found on p. 12 1- 128 

(vol. II) for taxa set A ( K g .  El S, E 1 SB, E2S, and U S B )  and p. 185-1 92 (vol. II) for taxa 

set B (Fig. E 1, E 1 B. El, and E2B). Taxa set B produced several rearrangements and 

changes in taxa affiliation, most of which disappeared when bootstrap confidences of 

>50% were applied. However, taxa set A topology associated fems and fem allies with 

higher plant taxa making them a sister group to the Pinophyta and Magncliophyta Iineage. 

These relationships were seen also in trees derived fiom character-based analyses using 

maximum likelihood methods (refer to Fig. H, vol. X I ,  p. 79). 

3 -4.2.6 Neighbor-ioining analysis with no correction distance caicdation 

Phylogenetic analysis using distance calculation with no correction for 

superimposed mutations was performed suictly with the intention of obtaining a 

reference point for the level of correction the other parametric models imposed on the raw 

data. Consequently, the results of these analyses were not factored into the construction 

of the overall consensus tree. The topologies produced with this method fit well with 

other methods descnbed previously. The results of these analyses indicate that the level 

of influence each distance method imposes is not as great as imagined initially. The 

results of these analyses can be found on p. 129-136 (vol. D[) for taxa set A (Fig. F 1s. 

F1 SB, F2S. and F2SB) and p. 193-200 (vol. LI) for taxa set B (Fig. F 1, FIS, F2, and 

F2B). 



3.4.2.7 Neighbor-joinine; anaiysis with Van de Peer & De Wachter (1994) distance 

caiculation 

Unlike previous distance calculation models, the novelty and appropriateness of 

thi s distance calculation method rnerits its description here. This distance-based method 

is the most appropriate parametric mode1 for phylogenetic estimation using 18s rRNA 

gene sequence data. This method accounts for the local sequence varïability in the 

computation of evolutionary distance. The caldation utilizes a parameter in an equation 

which expresses the probability that the alignrnent position contains a different nucleotide 

in orthologous sequences. This probability is expressed as a function of the distances 

separating these sequences (i.e. the number of nucleotide substitutions that occurred since 

the divergence of two sequences). The distances computed for 18s rDNA using this 

method are reputed to be more precise than those obtained with other distance-based 

methods (Van de Peer et al., 1993). 

The results of neighbor-joining phylogenetic anaiysis using the Van de Peer and 

De Wachter (1 994) distance caldation method for taxa set A are given in Fig. G l  S & 

G2S (vol. 4 p. 13 7-1 44) and Fig. G1& G2 (vol. II, p. 20 1-208) for taxa set B. The most 

notable diEerence in topology is seen with the clustering of fem and fern allies as a sister 

group to the higher plants. It wodd appear that this proposed phylogeny is begiming to 

carry some weight despite the low bootstrap value of 53%. This relationship is seen with 

taxa set A and B and with both distance-based and character-based rnethods. However, 

this method could not produce any revelations concerning the relationships of other lower 

land plants or resolve any of the debates over the genealogy of the bryophytes. It is 



evident now that there is simply insufficient phylogenetic signal in 18s rRNA gene 

sequences to resolve unequivocally and in detail the evolutionary transition from al@ 

ancestors to land flora. 

3 -4.2.8 Neighbor-i oininp: anal ysis with no correction distance calculation and 

The background work required for this analysis was described in section 3.3 

(Assessrnent of Phylogenetic Signal and Variability, 1; p. 53). The categories determined 

by the data presented in Table 4 (vol. II, p. 44) were used to compartmentalize the data 

into subsets based on variability. This provided a means to determine which nucleotides 

render phylogenetic signal for phylogeny reconstmction and to show exactly where in the 

tree the alignment positions with their associated signal provide resolution. If the data 

rnatrix contains homoplasy due to excessive variability, then the more variable positions 

(e-g. categories 0, 1,2) should be most appropriate for closely related taxa but only 

contribute 'noise' for global analyses with widely divergent taxa. Likewise, the more 

conservai alignment positions (e.g. categories 3.4, 5) should contribute phylogenetic 

signal appropriate for deeper p hy logeneti c relationshi ps. However, if p hy logenetic signal 

is sufficientiy weak due to low variability then d l  the variability and hence signal will be 

useful oniy for phylogenetic study of closely related taxa and resolution of deeper 

phylogenetic relationships would not be possible. 

The first subset utilized characters assigned to categories O, 1,2, 3, and 4 which 

essentially removed only the most invariant alignment positions. nie  results of these 

analyses are presented in Fig. HlB (vol. ïI, p. 209, 2 10). The topology of this analysis is 



compared most appropriately to distance-based analysis with no correction and these 

results are presented in Fig. F IB (vol. II, p. 195, 196). Cornparison between these two 

aees reveal only minor differences which is somewhat contrary to what should be 

expected with the removal of the most conserved nucleotides if in fact these positions 

contribute to deeper relationships. 

The next subset retains the most variable nucleotides corresponding to categories 

0, 1, and 2. The results of these analyses are presented in Fig. H2B (vol. II, p. 21 1-212). 

The topology remains unchanged and indicates the vast majority of the phylogenetic 

signal providing the resultant tree resides in the most variable sites. Deeper phylogenetic 

relationships remain unresolved as in al1 previous analyses suggesting even the positions 

in categories 3,4, and 5 are too conserved to provide phylogenetic signal. 

The final subset includes al1 the vanable nucleotides by retaining categories 2, 3.4, 

and 5. except the 'hypervariable' ones within categories O and 1. The resulting tree is 

presented in Fig. H3B (vol. II, p. 2 13-2 14). The monophyly of three clades loses 

support with the removal of these positions but deeper relationships are not 'unmasked'. 

This indicates clearly that the data set and al1 phylogenetic analyses are not suffering frorn 

extensive homoplasy but that conversely the most variable nucleotides contain data 

suitable only for resolving clades of closely related taxa. Consequently, it seems that the 

18s rDNA gene is too sirnilar within lower plant taxa to allow infoimative deeper level 

phylogenetic analyses. This degree of similarisr among 1 8s rRNA gene sequences d d  

indicate that extant species of lower plants are evolutionary younger than other terresuial 

plants. 



3.4.3 Overaii strict consensus tree 

In an effort to summarize the many trees generated by this çtudy, an overall strict 

consensus tree was developed for both taxa sets. These consensus trees based on al1 

analyses represent a very conservative view of the clades and phylogenetic relationships 

for which this project provides complete support. Only clusters which were maintained 

strïctly in the 50% majority-de bootstrap trees from al1 phylogenetic analyses are 

depicted. Any variation of taxa clustering emanating from the various phylogenetic 

approaches resulted in those affected taxa being displayed as polytomies. These trees are 

presented in Fig. 18 (vol. II, p. 21 5) pertaining to taxa set A and Fig. 19 (vol. II, p. 21 7) 

pertaining to taxa set B. 

These figures delineate graphically the overall conclusion of this project. ïhe  

phylogenetic relationships of the bryophytes and other lower plant taxa cannot be 

resolved with 18s rDNA sequence data. The data provides good resolution for closely 

related taxa, the phylogeny of higher plants and the placement of the bryophytes between 

the green algae and the tmcheophytes. Any other daims would be unwarranted. 



3.5 Conclusion 

The final inference is that 18s rDNA sequence data do not have sdEcient 

resolving power to contribute significantly to our understanding of phylogenetic 

relationships of the bryophytes and other lower plant taxonomie groups. ï h ï s  shidy 

saove to resolve unequivocally the evolutionary transition from putative algal ancestors 

to the extant land Bora by elucidating bryophyte phylogeny and differentiating major 

lower plant lineages thereby providing insight into the sequence of evolutionary events 

which accompanied colonization of the terrestrial habitat. In doing so, it became evident 

that there is i n ~ ~ c i e n t  phylogenetic signal in 18s rRNA to elucidate satisfactorily lower 

plant phylogenies. 

The notion that 18s rRNA gene sequence data is not suficient to solve the 

problem at hand is not a novel revelation. Capesius and Van de Peer (1997) share this 

contention and state "that the 18s rRNA is not very well suited to resolve al1 branching 

patterns within the different orders and families of bryophytes". A recent study by 

Tourasse and Gouy (1997) suggests that the large-subunit rRNAs appear to be more 

suitable than smdl-subunit rRNAs for reconstnicting universal phylogenies. In addition, 

several studies suggest that sequence data from several independent loci must be used to 

obtain the correct 'species tree' (Saitou and Nei, 1 986; Bull el al., 1993; Kim, 1993; Cao 

el al., 1994; Avise and Nelson, 1995). 

Methods for infemng phylogeny from DNA sequences have proliferated in the 

last few years. Unf'ortunately, decisions conceming which of many described methods 

will be used in a given study are rarely made by weighing the advantages and 



disadvantages of each approach. Similady, the choice of DNA sequence has not been 

examined closely. hstead, issues of availability or historical inertia ofien dictate such 

choices. Future investigations examining the phylogeny of lower plants cannot afford to 

continue in this vein. This saidy illustrates that obtaining sufficient data and the 

complete application of appropriate rnethods of phylogenetic inference are essential for 

the reconstruction of deep phylogenetic relationships of lower land plants. Although this 

study satisfied the latter criterion, it showed cleariy that plant 18s rRNA gene sequence 

data are insufficient for the purpose proposeci at the outset of this project. 

Consequently, future investigations should be scrutinized carefully when proposing 

bryophyte or lower plant phylogeny based strictiy on this gene. 

3.5.1 Future work 

As the underlying therne of this thesis rnaintains, it is preferable that when a 

putative clade fails to appear consistently across several alternative phylogenetic 

procedures, as applied here to 18s rDN& the fmitful approach will be to gather and 

analyze additional data, including those from unlinked regions, rather than to proclairn 

what may be a fragile tmth from one preferred method of phylogeny estimation. 

There are several possible strategies for improving the power of phylogenetic 

inference using DNA sequence data. Certainly, increasing the number of nucleotides will 

increase the chance of obtaining a whole-genome tree, whereby whole-genome trees are 

closer to species mes than any specific gene tree. Focusing on a single gene increases the 

chance that phylogenetic inference is af5ected by location-dependent processes in 

sequence evolution (Cummings et al, 1995) in tum resulting in the generation of trees 



characterized by spurious associations. This can be avoided by sampling sites from 

different genes or even genomes (i .e. chioroplasf nuclear). 

The 18s rRNA gene sequence data should not be discarded but rather combinai 

with more data. Furthemore, this and previous studies have not utilized dl phylogenetic 

information in rRNA gene sequences associated with features such as base-paired versus 

non based-paired nucleotides, compensatory mutations, and types of secondary 

smicture. The merits for doing so are obvious. Stnictural aspects of rRNA offer a 

number of opportunities for infonned examination of the data for phylogenetic 

information. Different positions of the molecule may have very rigid evolutionary 

constraints comected with function either by sequence or structure. 

The cdling method used in this study for accornmodating 'alignment arnbiguous' 

sites is not the only appropriate method for dealing with the multiple putative homology 

statements. Cenainly to date, the process of incorporating several possible alignment 

solutions into phylogenetic analysis has not been well deiineated. Another possible 

solution involves stnnging the multiple alignments together into a single grand dignment 

(Wheeler et al., 1995). This procedure, tenned 'elision', ensures that positions with 

alignment of unambiguous sites will occur more often than dignrnent-arnbiguous sites and 

will thus carry greater weight. This procedure allows phylogenetic analysis to be 

perfomed on the entire data set whereby a less extreme form of weighting is implemented 

relative to mlling. 
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Table 1. Primers 

Name Seauencea Primer Ln Size (brOb Tm (OC)' 

NS1 GTA GTT ATA TGC TTG TCT C 19 521 45.4 1 
NS2 GGC TGC TGG CAC CAG ACT TGC 21 74.7 i 

t 

NS3 GCA AGT CTG GTG CCA GCA GCC 21 566 74.7 1 
NS4 CTT CCG TGA ATT CTT TTA AG 20 63.6 1 

1 

NS5 AAC TTA AAG GAA TTG ACG GAA 22 628 62.8 1 
l 

1 NS7 GCA ATA ACA GGT CTG TGA TGC 21 337 62.7 
/ NS8 TCC GCA GCT K A  CCT ACG GA 

Sequences are written 5 ' 3 .  Al1 odd-numbered primers are 5' primers; 
even numbers indicate 3' primers. 

Pmdud sizes are approximate based on the 18s rONA gene of Physcamifrella patens . 
the size of the region amplified is the produd size minus the primers. 

" T,'s were calculated by the neighbor-joining method. 



Figure 1. 

Locations of prïrners on the 18s rDNA gene. 

The amwheads represent the 3' end of each primer. 

Primer 
NS1 
NS2 
NS3 
NS4 
NS5 
NS7 
NS8 

Location* 
20-38 
560-580 
560-580 
1146-1 165 
1143-1 164 
1437-1 456 
1794-1814 

location is identified with respect to PhyscomitmI/a patens (X809û6) 





Figure 2. 

Photograph of NSI-NS8 PCR products subsequently used as ternplates for 
semi-nested and nested PCRs. 

NS1-NS8 PCR products used as template for subsequent PCRs were sized 
using electrophoresis on an 1 O h  agarose gel; stained with ethidium bromide 
and visualized with UV (312nrn) light. The image was captured on Polaroid 
667 film. 
The expeded amplicon size -1 800 bp. 

Lane Content - 
M 100 bp DNA Ladder 
1 Ptetis viftafa 
2 Physcomitrella patens 
3 Notophylas breutelu 
4 Megaceros aenigmaticus 
5 Sphagnum palustre 





Figure 3. 

Photographs of serninested and nested PCR products subsequently used 
as sequencing templates. 

Semi-nested and nested PCR products using NSI-NS8 amplicon as template 
were sized using electrophoresis on 1.6% agarose gels; stained with ethidium 
brornide and visualized with UV (312nm) light. Images were captured on 
Polaroid 667 film. 

Photo 
a 
b 
C 
d 
e 

Lane - 
M 
1 
2 
3 
4 
5 
6 
7 
8 

Taxa - 
Pbyscomifrella patens 
Sphagnum palustre 
Megacems aenigmaficus 
Notophytas breutelu 
Pteris vittata 

Content 
100 bp DNA Ladder 
NS1 -NSZ PCR product (expected size - 561 bp) 
NS1 -NS8; no DNA reamplification control 
NS3-NS4 PCR produd (expected size - 607 bp) 
NS1 -NS8; no DNA reamplification control 
NS5-NS8 PCR product (expected size - 670 bp) 
NS1 -NS8; no DNA reamplification control 
NS7-NS8 PCR product (expected size - 378 bp) 
NS1 -NS4 no DNA rearnplification control 





Figure 4. 

Typicai elechppherogram. 

Generated by analyzing gel images captured on the ABI 377 DNA Sequemer. 
The electropherograms were analyzed using AB1 Prisrn DNA sequencing 
analysis software (version 2. t -1 ). The electropherograms represent 520 bp of 
double-stranded sequenœ data of the 5' portion of the 18s rDNA gene for 
Physcomitrella patens. 

02. NS1.1 is the forward strand, Page 10 
04. NS2.1 is the reverse strand, Page 1 1 



Model 377 ML version 2.1.1 
PRISM' 

020NSl . l  Si na1 G307 k 2 0 6  Tl38 C:61 Page 1 of 1 
PATENÇ 1 -2t1.5 1 in 5 dilutio D&%AC(A Set-AnyPrimerJ Sun, A r 13,1997 2:10 PM 
NS 1 377450201 80 Mon. Od)2.1905 1 :O2 AM 
Lene 2 PdntsO50lo501B Bsse 1:050 Spaclng: 10.39 SemiAdapttve 

1 



Mode1 377 ABlt Veraion 2.1 . i  
04.NS2.1 Si na1 (3291 A:294 T:273 C:154 Pa e 1 of 1 
PATENS 1-211.5 1 in 5 dilutio 0847' oAc{A Set-AnyPrimer) Mon, Oct 2, 1 995 1 0: 1 9 A 
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18s rDNA sequence data for PhyscomitreIIa patens. 

The entire gene is displayed with 'Nn showing unsequenced regions. 
The sequence was determined by double-stranded cycle sequencing using the 
primers listed in Table 1 (Page 2). 

Base Usage 

Code Count - % - 
A 429 24 
C 347 19 
G 466 26 
T 471 26 
N 1 04 5 

TOTAL 1818 



10 20 30 40 50 60 
NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNAA AGAlTAAGCC ATGCATCTGT 
NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNIT TCTAATTCGG TACGTACACA 

70 80 90 100 110 120 
AAGTATAAAC T C r r r r G T A C  TGTGAAA CTG CGAATGGCTC AlTAAATCAG T T A T A m C  
l T C A T A i l T G  AGAAAACATG ACACrr rGAC GCrrACCGAG T A A T i A G T C  AATATCAAAG 

130 140 150 160 170 180 
Ti lCATGGTA CCTTGCTACT CGGATAACCG TAGTAAlTCT AGAGCTAATA CGTGCACAAA 
AAACTACCAT GGAACGATGA GCCTAlTGGC ATCAlTAAGA TCTCCAlTAT GCACGTGTIT 

190 200 210 220 230 240 
CTCCCGAClT TTTTGGAAGG GACGTATiTA lTAG4TAAA.A GGCCGATGCG GGCiTGCCCG 
GAGGGCTCAA AAAACClTCC CTGCATAAAT AATCTAi7-T CCGGCTACGC CCGAACGGGC 

250 260 270 280 290 300 
G T m G C G G T  GAATCATGAT A A C r r r G K G  AATCGCACGG CClTGGCGCT GGCGATGTTT 
CACAACGCCA CITAGTACTA lTGAAACAGC lTAGCGTGCC GGAACCGCGA CCGCTACAAA 

310 320 330 340 350 360 
CAlTCAAA77 TCTGCCCTAT CAACTTTCGA TGGTAGGATA GAGGCCTACC ATGGTGGTAA 
G T A A G l l T M  AGACGGGATA GlTGAAAGCT ACCATCCTAT CTCCGGATGG TACCACCAlT 

370 380 390 400 410 420 
CGGGTGACGG AGAAlTAGGG TTCGAITCCG GAGAGGGAGC CTGAGAAACG GCTACCACAT 
GCCCACTGCC T C r r M T C C C  AAGCTAAGGC CTCTCCCTCG GACTCrrrGC CGATGGTGTA 

430 440 450 460 470 480 
CCAAGGMGG CAGCAGGCGC GCAAAITACC CAATCCCGAC ACGGGGAGGT AGTGACAATA 
GGiTCCTTCC GTCGTCCGCG CCrr rAATGG GlTAGGGCTG TGCCCCTCCA TCACTGiTAT 

490 500 S i 0  520 530 540 
AATAACAATA C T G G G C l  ACAAGTCTGG TAAlTGGAAT GAGTACAATC TAAATCCCrr  
l T A l T G l T A T  GACCCGAAAA TGlTCAGACC AITAACCTTA CTCATGlTAG A l T i A G G G M  

550 560 570 580 590 600 
AACGAGGATC CAlTGGAGGN NNNNNNNNNN NNNNNNNNNN GCGGTAAlTC CAGCTCCAAT 
lTGCTCCTAG GTAACCTCCN NNNNNNNNNN NNNNNNNNNN CGCCAlTAAG GTCGAGGlTA 

610 620 630 640 650 660 
AGCGTATATT TAAGlTGlTG CAGiTAAAAA GCTCGTAGiT GGATCrrGGG TCGGGGGGAG 
TCGCATATAA ATTCAACAAC GTCAATTTTT CGAGCATCAA CCTAGAACCC AGCCCCCCTC 

670 680 690 700 710 720 
CGGKCGCCC ClTGTGGGTG TGCACTGGTC CACTCGGCCT TCiTGCCGGG GACGCGCTCC 
GCCAGGCGGG CAACACCCAC ACGTGACCAG GTGAGCCGGA AGAACGGCCC CTGCGCGAGG 

730 740 750 760 770 780 
TGGlT iTAAT TAATCGGGAC GCGGAGTCGG C G A T m A C T  lTGAAAAAAT TAGAGTGCTC 
A C W l T A  AITAGCCCTG CGCCTCAGCC GCTACAATGA A A C i i T i T ï A  ATCTCACGAC 

790 800 810 820 830 840 
AAAGCAAGCC TATGCTCTGA ATACAlTAGC ATGGAATAAC GTGATAGGAC TCTGGTCCTG 
l l TCG lTCGG ATACGAGACT TATGTAATCG T A C C l T A l l G  CACTATCCTG AGACCAGGAC 

850 860 8 ï0  880 890 900 
TTCGTGITGG TClTCGGGAC CGGAGTAATG ATTAATAGGG ACGGlTGGGG GCATKGTAT 
AAGCACAACC AGAAGCCCTG GCCTCAlTAC TAATTATCCC TGCCAACCCC CGTAAGCATA 



910 920 930 940 958 960 
l T C A T l G T C A  GAGGTGAAAT T C r r G C A l l T  ATGAAAGACG AACTTCTGCG AAAGCAl lTG 
AAGTAACAGT CTCCACrr rA  ACAACCTAAA T A C r r r C T G C  lTGAAGACGC l l T C G T A A A C  

970 980 990 1000 1010 1020 
CCAAGGATGT l l T C A l T A A T  CAAGMCGAA AClTGGGGGC TCGAAGACGA TCAGATACCG 
GCrrCCTACA AAAGTAAlTA G T T C r r G C l T  TCAACCCCCG AGClTCTCCT AGTCTATGGC 

1030 1040 1050 1060 1070 1080 
TCCTAGTCTC AACCATAAAC GATGCCGACT AGGGAlTGGC GGATGITACT TTGATGACTC 
AGGATCAGAG T T G G T A l l T G  CTACGGCTGA TCCCTAACCG CCTACAATGA MCTACTGAG 

1090 1100 I l l0  1120 1130 1140 
CGCCAGCACC TTATGAGAAA T C A A A G l l l T  TNGGlTCCGG GGNGAGTATG NTCGCAAGNC 
GCGGTCGTGG A A T A C T C r r r  AGTlTCAAAA ANCCAAGGCC CCNCTCATAC NAGCGTTCNG 

1158 1160 Il70 1180 1190 1200 
TGAANNNNNN NNNNNNNNNN NNNNNNGCAC NACCAGGAGT GGAGCTGCGG CTTAATTTGA 
ACl lNNNNNN NNNNNNNNNN NNNNNNCGTG NTGGTCCTCA CCTCCACGCC WTTAAACT 

1210 1220 1230 1240 1250 1260 
CTCAACACGG GGAAAClTAC CAGGTCCAGA CATAGTAAGC Al7GACAGAT TGAGAGCTCT 
GAGlTGTGCC CCl lTGAATG GTCCAGGTCT G T A T C A n C C  TAACTGTCTA ACTCTCGAGA 

1270 1280 1290 1300 1310 1320 
lTClTGRTTC TATGGGTGGT GGTGCATGGC C G f T C T i A G T  TGGTGGAGTG ATTTGTCTGG 
AAGAACTAAG ATACCCACCA CCACGTACCG GCAAGAATCA ACCACCTCAC TAAACAGACC 

1330 1340 1350 1360 1370 1380 
T T A A T C C G T  TAACGAACGA GACCTCAGCC TGCTMCTAG TTACGCGAAG G A T i f C C  
AATTAAGGCA A l T G C l l G C T  CTGGAGTCGG ACGAlTGATC AATGCGCrrC CTAAAAAAGG 

1390 1400 1410 1420 1430 1440 
TKGCGGCCA AClTCTTAGA GGGACTATCG GCGTCTAGCC GATGGAACrr TGAGGCAATA 
AAACGCCGGT TGAAGAATCT CCCTGATAGC CGCAGATCGG CTACCrrCAA ACTCCCTTAT 

1450 1460 1470 1480 1490 1500 
ACAGGTCTGT GATGCCCTTA GATGTTCTGG GCCGCACGCG CGCTACACTG ATGAATTCAA 
TGTCCAGACA CTACGGGAAT CTACAAGACC CGGCGTGCGC GCGATGTGAC TAClTAAGTT 

1518 1520 1530 1540 1550 1560 
C G A ~ A T A  ACCTGGACCG ATAGGTCTGG G T A A T ~  r r r T  CGTGATGGGG 
GCTCAAATAT TGGACCTGGC TATCCAGACC C A l T A W  C r r r A A A G T A  GCACTACCCC 

1570 1580 1590 1600 1610 1620 
ATAGATCATT GCAAlTA lTG ATCITCAACG AGGAAlTCCT AGTAAGCGCG AGTCATCAGC 
T A T C T A G T M  CGTTAATAAC TAGAAGlTGC TCC7TAAGGA TCAl lCGCGC TCAGTAGTCG 

1630 1640 1650 1660 1670 1680 
TCCCGlTGAC TACGTCCCTG CCCl lTGTAC ACACCGCCCG TCGCTCCTAC CGATTGAATG 
AGCGCAACTG ATGCAGGGAC GGGAAACATG TGTGGCGGGC AGCGAGGATG GCTAACrrAC 

1690 1700 1710 1720 1730 1740 
GTCCGGTGAA G r r r r C G G A T  TGCGGCGATG CCGGCGGlTC GCCGCCGGTG ACGlTGGGAG 
CAGGCCACl l  CAAAAGCCTA ACGCCGCTAC GGCCGCCAAG CGGCGGCCAC TGCAACCCTC 

1750 1760 1770 1780 1790 1800 
A A G l l C A l T A  AACClTATCA TiTAGAGGAA GGAGAAGTCG TAACAAGCrr  TCCGTAGGTN 
TTCAAGTAAT TTGGAATAGT AAATCTCCIT CCTClTCAGC ATTGlTCCAA AGGCATCCAN 

1810 1820 1830 1840 1850 1860 
.......................................... NNNNNNNNNN NNNNNNN. ........................................... NNNNNNNNNN NNNNNNN 



Figure 6. 

18s rONA sequence data for Megaceros aenigmaticus. 

The entire gene is displayed with 'Nu showing unsequenced regions. 
The sequence was detemined by double-stranded cycle sequencing using the 
pnmers listed in Table 1 (Page 2). 

Base Usage 

Code Count - Oh - 
A 448 25 
C 344 19 
G 457 25 
T 464 25 
N Ill 6 

TOTAL 1824 



10 20 30 40 50 60 
NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNA AGATNNAGCC ATGCATGTGT 
NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNNT TCTANNTCGG TACGTACACA 

70 80 90 100 110 120 
AAGTATAAAC ACTTTTGTAC TGTGAAACTG CGAATGGCTC ATTAAATCAG TTATAGTTTC 
TTCATA lT iG  TGAAAACATG ACACiTiGAC GCrrACCGAG TAA l lTACTC AATATCAAAG 

130 140 150 160 170 180 
TITGATGGTA CCrrGCTACT CGGATAACCG TAGTAA l lCT  AGAGCTAATA CGTGCAACAA 
AAACTACCAT GGAACGATGA GCCTAlTGGC ATCAlTAAGA TCTCGAlTAT GCACGiTGlT 

190 200 210 220 230 240 
CTCCCGAClT CTGGGANGGG GCGTAlTLAT TAGATATAAG GCCGATATGG GTClTGATCC 
GAGGGCTGAA GACCCTNCCC CGCATAAATA ATCTATATTC CGGCTATACC CAGAACTAGG 

250 260 27@ 280 290 300 
CGGTATACG GTGAATCATG ATAACTCCTC GAATGCTCAA CGGCCTCTGG CGCTGGCGAT 
GCCATAATGC CAClTAGTAC TAlTGAGGAG CTTACGAGiT GCCGGAGACC GCGACCGCTA 

310 320 330 340 350 360 
ATiTCAlTCA AATlTCTGCC CTATATAACT TKGATGGTA GGATAGAGGC CTACCATGGT 
TAAAGTAAGT TTAAAGACGG GATATAlTGA AAGCTACCAT CCTATCTCCG GATGGTACCA 

370 380 390 400 410 420 
GGTAACGGGT GACGGAGAAT TAGGGlTCGA lTCCGGAGAG GGAGCCTGAG AAACGGCTAC 
CCAITGCCCA CTGCCTCTTA ATCCCAAGCT AAGGCCTCTC CCTCGGACTC 7TTGCCGATG 

430 440 450 460 470 480 
CACATCCAAG GAAGGCAGCA GGCGCGCAAA lTACCCAATC CCGACACGGG GAGGTAGTGA 
GTGTAGGiTC CrrCCGTCGT CCGCGCGllT AATGGGTTAG GGCTGTGCCC CTCCATCACT 

490 500 510 520 530 S40 
CAATAAATAA CAATACTGGG CTi lTACAAG TCTGGTAAlT G CAATGAGTA CAATCTAAAT 
G ITATTTAIT  GlTATGACCC GAAAATGTTC AGACCAITAA CClTACTCAT GlTAGATTTA 

550 560 570 580 590 600 
CCCTNAACGA GGATCCAl7G GAGGNNNNNN NNNNNNNNNN NNNNNGCGGT AAlTCCAGCT 
GGGANlTGCT CCTAGGTAAC CTCCNNNNNN NNNNNNNNNN NNNNNCGCCA lTMGGTCGA 

610 620 630 640 650 660 
CCNATAGCGN NTAATAAAGT TGTïGCAGiT AAAAAGCTCG TACTTGGATC TCGGGGTGGG 
GGNTATCGCN N A l T A l l T C A  ACAACGTCAA I T I T C G A G C  ATCAACCTAG AGCCCCACCC 

670 680 690 700 710 720 
GTGACTGGTC CGCCTCTCAA GGTGTGGTAC TGGGTGACTC CANTCClTCT GGTCGGGGAC 
CACTGACCAG GCGGAGAGlT CCACACCATG ACCCACTGAG GTNAGGAAGA CCAGCCCCTG 

730 740 7% 760 770 780 
GATGCTCCTG GACTAAACTG CCTGGGACGC GGAGTCGACG A T G l T A C l l T  GAAAAAATTA 
CTACGAGGAC CTGATlTGAC GGACCCTGCG CCTCAGCTGC TACAATGAAA Cr r r r r rMT 

790 800 810 820 830 840 
GAGTGCTCAA AGCAAGCCTC ATGCTCTGAA TACAlTAGCA TGGAATAACG TGATAGGACT 
C T C A C G A m  TCGITCGGAG TACGAGAClT ATGTAATCGT ACCITAlTGC ACTATCCTGA 

8% 860 870 880 890 900 
CCTGGTCCTA lTGTGTTGNT CTACGGGATC GGAGTAATGA ITAATAGGGA CAGTGGGGG 
GGACCAGGAT AACACAACNA GATGCCCTAG CCTCAlTACT AAlTATCCCT GTCAACCCCC 



910 920 930 940 950 960 
CAl lCGTATT TCAlTGTCAG AGGTGAAAm C r r G G A l l T A  TGAAAGACCA ACTTCTGCGA 
GTAAGCATAA AGTAACAGTC T C C A C r r r M  GAACCTAAAT ACTiTCTGCT TGAAGACGCT 

970 980 990 1000 1010 1020 
AAGCATiTGC CAAGGCATGT T iTCAITAAT  CAAGAACGAA AGlTGGGGGC TCGAAGACGA 
TCGTAAACG GlTCCGTACA AAAGTAAlTA G l T C l T G C r r  TCAACCCCCG AGCllCTGCT 

1030 1040 1050 1060 1070 1080 
TCAGATACCG TCCTAGTCTC AACCATAAAC CATGCCGACT AGGGAlTGGC GGATCITTAAT 
AGTCTATGGC AGGATCAGAG TTGGTATKG CTACGGCTGA TCCCTAACCG CCTACAAlTA 

1090 ll00 Il10 llZ0 1130 Il40 
TAÇATGACTC CGCCAGCACC TiATGAGAAA T C A A A G  TGGNlTCCGG GGGNAGTATG 
ATCTACTGAG GCGGTCGTGG AATACTCr r r  A G T i C A A A A  ACCNAAGGCC CCCNKATAC 

IL50 ll60 l l70 1180 1190 1200 
NTCGCAAGNC TGAANTNNNN NNNNNNNNNN NNNNNNGNAN CACNAGGAGT GGAGCTGCGG 
NAGCGiTCNG AClTUNNNN NNNNNNNNNN NNNNNNCNTN GTGNTCCTCA CCTCGACGCC 

1210 1220 lZ30 1240 US0 1260 
CTTAAllTGA CTCAACACNG GGAAACrrAC CAGGTCCAGA CATAGTAAGG AlTGACAGAT 
GAATTAAACT GAGlTGTGNC CCrrrGAATG GTCCAGGTCT GTATCATïCC TAACTGTCTA 

1270 1280 1290 l300 BI0 1320 
TGAGAGCTCT T'iClTGATTC TATGGGTGGT GGTGCATGGC CGlTClTAGT TGGTGGAGTG 
ACTCTCGAGA AAGAACTAAG ATACCCACCA CCACGTACCG GCAAGAATCA ACCACCTCAC 

l330 1348 1350 1368 l370 1380 
Al lTbTCTGG ITAATTCCGT TAACGAACGA GACCTCAGCC TGCTAACTAG TiACACGAAG 
TAAACAGACC AAlTAAGGCA A lTGCr rGCT CTGGAGTCGG ACGA7TGATC AATGTGCrrC 

1390 1400 1410 1420 1430 1440 
AATClTCrrC GTGGCCAACT TCilAGAGGG ACTAl lTGCG TCTAGCGAAT GGAAGl-llGA 
lTAGAAGAAG CACCGGlTGA AGAATCTCCC TGATAAACGC AGATCGCrrA CCTTCAAACT 

1450 1460 1470 1480 1490 1500 
GGCAATAACA GGTCTGTGAT GCCCTTAGAT GlTCTGGGCC GCACGCGCGC TACACTGATG 
CCGlTAlTGT CCAGACACTA CGGGAATCTA CAAGACCCGG CGTGCGCGCG ATGTGACTAC 

E l 0  l520 1530 lH@ 1550 1560 
AATTCAACCA GTITATAACC TGGGCCGAGA GGllTGGGTA A T C r r r r G A A  ATITCATCGT 
TTAAGlTGCT CAAATAllGG ACCCGGCTCT CCAAACCCAT TAGAAAACTT TAAAGTAGCA 

1570 1580 1590 1600 1610 1620 
GATGGGGATA GATCATTGCA AlTATTGATC TiCAACGAGG AAlTCCTAGT AAGCGCGAGT 
CTACCCCTAT CTAGTAACGT TAATAACTAG AAGlTGCTCC ITAAGGATCA TiCGCGCTCA 

1630 1648 1650 1660 1670 1680 
CATCAGCTCG CGlTCACTAC GTCCCTGCCC m G T A C A C A  CCGCCCGTCG CTCCTACCGA 
GTAGTCGAGC GCAACTGATG CAGGGACGGG AAACATGTGT GGCGGGCAGC GAGGATGGCT 

1690 1700 1710 1720 1730 1740 
TTGAATGGTC C G G T G A A m  TTCGGAllGC GGCCACACCG GCGGGTAACT GCCGGCGACG 
AACTi'ACCAG GCCACrrCAA AAGCCTAACG CCGCTGTGGC CGCCCAUGA CGGCCGCTGC 

1750 1760 1770 1780 1790 1800 
l lGTGAGAAG T iCAlTAAAC ClTATCATTT AGAGGAAGGA GMGTCGTAA CAAGCllTCC 
AACACTClTC A A G T A A l l l G  GMTAGTAAA TCTCCrrCCT Cr rCAGCAT l  GTKCAAAGG 

1810 1820 1830 1840 1 8 s  1860 .................................... GTAGGTGANN CTGNNNNNNN NNNN .................................... CATCCACTNN GACNNNNNNN NNNN 

17 



Figure 7. 

18s rûNA sequence data for Notophylas breutelu. 

The entire gene is displayed with 'N" showing unsequenced regions. 
The sequence was detemiined by double-stranded cycle sequencing using the 
primers listed in Table 1 (Page 2). 

Base Usage 

Code Count - % - 
A 455 25 
C 359 20 
G 473 26 
T 444 24 
N 102 5 

TOTAL 1833 



10 20 30 40 50 60 
NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNAA AGATNAAGCC ATGCATGTGT 
NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNKIT TCTANTTCGG TACGTACACA 

70 80 90 100 110 120 
AAGTATAAAC TCITATGTAC TGAGAAACTG AGAATGGCTC ATTAAATCAG TCATAGTATC 
l T C A T A l l l G  AGAATACATG A C T C r r r G A C  TCITACCGAG TAATTTAGTC ACTATCATAG 

130 140 150 160 170 180 
TGAGAGGGCA CCTCGCTACG GCGGATAACC GGAGATAATT CTAGAGCTAA TACGTGCAAA 
ACTCTCCCGT GGAGCGATGC CGCCTATTGG C C T C T A l l A A  GATCTCGAlT  ATGCACGTTT' 

190 200 210 220 230 240 
AACTCCCGAC TClTGGGGGG C A A G G G r  i A G A T A A  AGAGGACGAT GCGGGClTGA 
lTGAGGGCTG AGAACCCCCC ClTCCCAAAA A A A A T C T A l T  TCTCCTGCTA C G C C C W C T  

250 260 270 280 290 300 
CCCGGTAlTC ACGGTGAATC ATGGATAACT CCTCGAATCG CACGGCCCTG GCGCTGGCGA 
GGGCCATAAG TGCCACrrAG T A C C T A U G A  GGAGCTiAGC GTGCCGGGAC CGCGACCGCT 

310 320 330 340 350 360 
T C r r r C A l T C  AAAITCCTGC CCTATCAACT ITCGATGGTA GGATAGAGGC CTACCATGGT 
ACAAAGTAAG TITAAGGACG GGATAGlTGA AAGCTACCAT CCTATCTCCG GATGGTACCA 

370 380 390 400 410 420 
GGTAACGGGT GACGGAGAAT TAGGGTTCGA ITCCGGAGAG GGAACCTGAG AAACGGCTAC 
CCATiGCCCA CTGCCTCTTA ATCCCAAGCT AAGGCCTCTC CCTTGGACTC I T G C C G A T G  

430 440 450 460 470 480 
CACATCCAAG GAAGGCAGCA GGCGCCCAAA TTACCCAATC CCGACACGGG GAGGTAGTGA 
GTGTAGGTiC ClTCCGTCGT CCGCGGGTTT AATGGGTTAG GGCTGTGCCC CTCCATCACT 

490 500 510 520 530 540 
CAATAAATAA CAATACTGGG C C l l T A C A A G  TCCTGGTAAT TGGAATGAGT ACAATCTAAA 
G l T A l T A l T  GlTATGACCC GGAAATCTTC AGGACCATiA ACClTACTCA T G T l A G A l T i  

550 560 570 580 590 600 
TCCCr rAACG AGGATCCAlT GGAGGNNNNN NNNNNNNNNN NNNNNNGCGG TAAlTCCAGC 
AGGGAAITGC TCCTAGGTAA CCTCCNNNNN NNNNNNNNNN NNNNNNCGCC ATTAAGGTCG 

610 620 630 640 6% 660 
TCCAATAGCG TACAATAAAG l T G l T G C A G T  TAAAAAGGTC GTAGlTGCAT CTCGGGGCGG 
AGGTTATCGC A T G T T A l l T C  AACAACGTCA A r r r r i C C A G  CATCAACCTA GAGCCCCGCC 

678 680 690 700 710 720 
GGTGATTGGT CCGCCTCCNG AGGGGTCTAC TAGGGACCTC ACCCCTCTCC TCGGGAGCAT 
CCACTAACCA GGCGGAGGNC TCCCCAGATG ATCCCTGGAG TGGGGAGAGG AGCCCTCGTA 

730 740 7% 760 770 780 
GCTCCTGTTC TACCTTAGCT TGGTACGGGG AGTGCGACGA T G l l T C T T T G  GAAAAAAlTA 
CCAGGACAAG ATGGAATCGA ACCATGCCCC TCACGCTGCT ACAAAGAAAC C T i l T l T A A T  

790 800 810 820 830 840 
GCAGTTCTCA AAGGAAGCCA TCATGCTCTA A lTACATAAG A A T G G A l T M  CGAlTATAGG 
CCTCAAGAGT l T C C r r C G G T  AGTACGACAT T A A T G T A T C  I T A C C T A A l T  GCTAATATCC 

850 860 870 880 890 900 
ACTCTGGTCC T A l T G G G l T G  GTCTCCGGGC ATCGGAGTM TGATTAATAG GGACAGlTGG 
TGAGACCAGG ATAACCCAAC CAGAGGCCCG TAGCCTCATT A C T A A l l A T C  CCTGTCAACC 



910 920 930 940 958 960 
GGGCAlTCGT A l l T C G A l l G  TCAGAGCTGA AATTClTGGA TiTATGAAAG ACGAACriCT 
CCCGTAAGCA TAAAGCTAAC AGTCTCCACT ITAAGAACCT A A A T A C l l T C  TGCrrGAAGA 

970 980 990 1000 1010 1020 
GCGAAAGCAT ITGCCAAGGA T C r r r r C A T T  AATCAAGAAC GAAAGTTGGG GGCTCGAAGA 
CGCrrrCGTA AACGGl lCCT ACAAAAGTAA T i A C T T C I T G  Cr r rCAACCC CCGAGCrrCT 

1030 1040 10S0 1060 1070 1080 
CGATCAGATA CCGTCCTAGT CTCAACCATA AACGATGCCG ACTAGGGATT GGCGGGTGlT 
GCTA GTCTAT GGCAGGATCA GAGlTGGTAT 7TGCTACGGC TGATCCCTAA CCGCCCACAA 

1090 ll00 1110 1120 ll30 1140 
A A T M C A l T G  ACCCCCCCGG CCACCCTTAT TGAAGAAACC A A A G l l T i T G  GGTKCGCGG 
ITATTCTAAC TGGGGGGGCC GGTGGGAATA ACTTCrr rGG TTTCAAAAAC CCAAGGCCCC 

1150 1160 1170 1180 1190 3.200 
GATATGiTGC AAGCTGANNN NNNNNNNNNN NNNNNNNNNN GNANCACNAG GAGTGGAGCT 
CTATACAACG TTCGACPJNN NNNNNNNNNN NNNNNNNNNN CNTNGTGNTC CTCACCTCGA 

1210 1220 l230 lZ40 1250 1260 
GCGGCTTAAT lTGACTCAAC ACGGGGAAAC TCACCAGGTC CAGACATAGT AAGGAlTGAC 
CGCCGAAllA AACTGAGTTG T G C C C C r r r G  AGTGGTCCAG GTCTCTATCA 'TTCCTAACTG 

1270 lt80 1290 1300 1310 1320 
ACAlTGAGAG CTCTITClTG AlTCTATGGG TGGTGGTGCA TGGCCGlTCT TAGlTGGTGG 
TCTAACTCTC GAGAAAGAAC TAAGATACCC ACCACCACGT ACCGGCAAGA ATCAACCACC 

1330 1340 13% 1360 1378 1380 
AGTGATTTGT CTGGITAATT CCGITAACGA ACGAGACCTC AGCCTGCTAA CTAGlTACAC 
TCACTAAACA GACCAAlTAA GGCAAlTGCT TGCTCTGGAG TCGGACGAlT GATCAATGTG 

1390 1400 1410 1420 1430 1440 
GAAGAACCiT CTCCGGGGTC AACTTCTTAG AGGGACTAlT TGCGTCTAGT GMTAGAAGT 
CTTCTïGGAA GACGCCCCAG lTGAAGAATC TCCCTGATAA ACGCAGATCA C i T A T C l T C A  

1450 1460 1470 1480 1490 J500 
lTGAGGAAAT AACAGGTCTG TGATGCCCrr  AGATGITCTG GGCCGCACGC GCGCTACACT 
AACTCCrr rA  lTGTCCAGAC ACTACGGGAA TCTACAAGAC CCGGCGTGCG CGCGATGTCA 

1510 lSZ0 1530 1540 15% 1560 
GATGAAITCA A C G A G l l T A T  AACCTGGGCC GAGAGGTCTG GGTAATCTGC T( iAAATKCA 
CTACTTAAGT TGCTCAAATA TGGACCCGG CTCTCCAGAC CCAlTAGACG A C r r r A A A G T  

1570 1580 1590 1600 1610 1620 
TCGTGATGGG GATAGATCAT T G A A A I T A I T  GCTCTCCAAC GAGGAAITCC TAGTAAGCGC 
AGCACTACCC CTATCTAGTA ACTITAATAA CGAGAGGlTG CTCClTAAGG ATCATTCGCG 

1630 1640 1650 1660 1670 1680 
GAATCATCAG CTCGCGITGA C T A C G K C C T  GCCC'TTTGTA ACACACCGCC CGTCGITCCT 
CTïAGTAGTC GAGCGCAACT GATGCAGGGA CGGGAAACAT TGTGTGGCGG GCAGCAAGGA 

1690 1700 1710 1720 1730 1740 
ACCGAlTGAT TGCTCCGGGG A A G T l T C G G  ATTGGTGCCG ACACCGGGGG GTCACCGCCG 
TGGCTAACTA ACCAGGCCCC lTCAAAAGCC TMCCACCGC TGTGGCCCCC CAGTGGCGCC 

1750 1760 1770 1780 1790 1800 
GCGACGITGT GAGAAGlTCA TCAACCCrrA TCAl lTAGAG GAAGGAGAAG TCGTCGTAAC 
CGCTGCAACA CTCrrCAAGT AGiTGGGAAT AGTAAATCTC C r r C C T C l T C  AGCAGCAlTG 

1810 1820 1830 1840 1850 1860 
........................... AAGCTITCCG TACGTGANCN NNNNNNNNNN NNN 

......................... TiCCAAAGGC ATCCACTNGN NNNNNNNNNN NNN.. 



Figure 8. 

18s rDNA sequence data for Pteris vitfata. 

The entire gene is displayed with "Na showing unsequenced regions. 
The sequence was detennined by double-stranded cycle sequencing using the 
primers listed in Table 1 (Page 2). 

Base Usage 

Code Count - Oh - 
A 424 23 
C 363 20 
G 459 25 
T 446 25 
N 118 7 

TOTAL 1810 



10 20 30 40 58 60 
NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNAA AGNlTAAGCC ATGCATGTGT 
NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNTT TCNAAITCGG TACGTACACA 

70 80 90 100 110 120 
AAGTATAAAC T C I T I I G T A C  TGTGAAACTG CGAATGGCTC AlTAAATCAG l T A T A G l l T C  
l T C A T A r r r C  AGAAAACATG A C A C r r r G A C  GClTACCGAG TAATlTAGTC AATATCAAAG 

l30 140 150 160 170 180 
I T K A T G G T A  CCTNGCTACT CGCATAACCG TAGTAAlTCT AGAGCTMTA CGTGCACCAA 
AAACTACCAT GGANCGATGA GCCTATTGGC ATCATTAAGA TCTCGAlTAT GCACGTGGlT 

190 200 2l0 220 230 240 
ATCCCGACiT CTGGAAGGGA C G C A l l T A l T  AGATAAAAGG CCGATGCGGG CTCGCCCGGT 
TAGGGCTGAA GACClTCCCT GCGTAAATAA T C T A l T l l C C  GGCTACGCCC GAGCGGGCCA 

250 260 270 280 290 300 
AATGCGGTGA ATCATGATAA C r r C C C G M T  CGCACGGCCT TGGCGCCGGC GATGCrrCAT 
TTACGCCACT TAGTACTAlT  GAAGGGCITA GCGTGCCGGA ACCGCGGCCG CTACGAAGTA 

310 320 330 348 350 360 
T C A A A l l T C T  GCCCTATCAA Cr r rCGATGG TAGGATAGAG GCCTACCATG GTGGTGACGG 
AGl lTAAAGA CGGGATAGlT GAAAGCTACC ATCCTATCTC CGGATGGTAC CACCACTGCC 

370 380 390 400 410 420 
GTGACGGACA ATTAGGGTTC GATTCCGGAG AGGGAGCCTG AGAAACGGCT ACCACATCCA 
CACTGCCTCT TAATCCCAAG CTAAGGCCTC TCCCTCGGAC T C r r r G C C G A  TGGTGTAGGT 

430 440 4 9  460 470 480 
AGGAAGGCAG CAGGCGCGCA AATTACCCAA TCCCGACACG GGGAGGTAGT GACAATAAAT 
TCCTTCCG'TC GTCCGCGCGT l T A A T G G G l 7  AGGGCTGTGC CCCTCCATCA C T G T T A l l T A  

490 S00 510 520 530 540 
AACAATACTG G G C r r r r r C A  AGTCTGGTAA lTGGAATGAG TACAATCTAA ATCCClTAAC 
l T C r r A T G A C  CCÇAAAAAGT TCAGACCATT AACCrrACTC A T G I T A G A l T  TAGGGAATTG 

550 560 570 580 590 600 
ÇAGGATCCAT TGGAGGGCAA NNNNNNNNNN NNNNNNNNNG GTAATTCCAG CTCCAATAGC 
CTCCTAGGTA ACCTCCCGTT NNNNNNNNNN NNNNNNNNNC CATTAAGGTC GAGGTTATCG 

610 620 630 640 650 660 
G T A T A I T M A  GlTGTTGCAG ITAAAAAGCT CCTAGITGGA TCTCGGGGCG GGGCGAGCGG 
C A T A T A A A l l  CAACAACGTC A A i i r r i C G A  GCATCAACCT AGAGCCCCGC CCCGCTCGCC 

670 680 690 700 710 720 
TCCGCCTCCT lTGGTGTGCA CTGGTCGCTC C G C C C r r r C T  GTCGGGGACG CGCTCCTGGC 
AGGCGGAGGA AACCACACGT GACCAGCGAG GCGGGAAAGA CAGCCCCTGC GCGAGGACCG 

730 740 750 760 770 780 
CiTAAïTGGC TGGGACGCGG ATTCGGCGAT GITACTTTGA AAAAAmAGA GTGCTCAAAG 
<;AAlTAACCG ACCCTGCGCC TAAGCCGCTA C A A T W C T  TiTiTMTlAATCr CACGAGTlTC 

790 800 810 820 830 840 
CAAGCCTATG CTCTGAATAC AITAGCATGG AATAACGCCA TAGGACTCTG GTCCTATTGT 
GlTCGGATAC GAGACrrATG TAATCGTACC TTATTGCGCT ATCCTGAGAC CAGGATAACA 

850 860 870 880 890 900 
CrrGGTCrrC GGGACCGGAG TAATGAlTAA TAGGGACGGT TGGGGGCATT C G T A l l T C A T  
CAACCAGAAG CCCTGGCCTC AITACTAAlT ATCCCTGCCA ACCCCCGTAA GCATAAAGTA 



910 920 930 940 958 960 
TGTCAGAGGT GAAATTCITG G A T i A T G A A  AGACGAACTA CTGCCAAAGC A lT iGCCAAG 
ACAGTCTCCA C r r r A A C A A C  CTAAATAClT TCTGCTTGAT GACGCrrrCG TAAACGGlTC 

970 980 990 1000 1010 1020 
G A T G l l l l C A  lTAATCAAGA ACGAAAGiTG GGGGCTCGAA GACGATCAGA TACCGTCCTA 
CTACAAAAGT A A I T A G I T C T  T G C r r r C A A C  CCCCGAGClT CTGCTAGTCT ATGGCAGGAT 

1030 1040 1050 1060 1070 1080 
GTCTCAACCA TAAACGATGC CGACTAGGGA TTGGCGGATG T T A C l l T C A T  GACTCCGCCA 
CAGAGTTGGT ATlTGCTACG GCTGATCCCT AACCGCCTAC AATGAAACTA CTGAGGCGGT 

1090 1100 1110 Il20 1130 1140 
GCACCl lATG AGAAATCAAA G l l T I T G G i T  TCCGGGGGGA GTATGGTCGC AAGGCTGAAN 
CGTGGAATAC T C T T T A G i T  CAAAAACCAA AGGCCCCCCT CATACCAGCG TTCCGACTiN 

1150 1160 1170 1180 1190 1200 
NNNNNNNNNN NNNNNNNNNN NNNNNCACCA GCAGTGGAGC CTGCGGCrrA ATITGACTCA 
NNNNNNNNNN NNNNNNNNNN NNNNNGTGGT CCTCACCTCG GACGCCGAAT TAAACTGAGT 

1210 1220 1230 1240 1258 1260 
ACACGGGGAA ACrrACCAGG TCCAGACATA GTAAGGAl lG ACAGAlTçAG A G C T C l l T C T  
TGTGCCCClT TGMTGGTCC AGGTCTCTAT CAlTCCTAAC TGTCTAACTC TCGAGAAAGA 

1270 1280 1290 1300 1310 1320 
TGATTCTATG GGTGGTGGTG CATGGCCGiT CITACTTGGT GGAGTGATTT GTCTGGl lAA 
ACTAAGATAC CCACCACCAC GTACCGGCAA GAATCAACCA CCTCACTAAA CAGACCAAlT 

1330 1340 1350 1360 1370 1380 
TTCCGTTAAC GAACGAGACC TCAGCCTGCT AACTAGTiAC ACGAAGGATC CTCrrCGTGG 
AAGGCAAlTG CTTGCTCTGG AGTCGGACGA TTGATCAATG TGCTTCCTAG GAGAAGCACC 

1390 1400 1410 1420 1430 1440 
C C A A C r r C i T  AGAGGGACTA TGGCCGTCTA GGCCATGGAA GllTGAGGCA ATAACAGGTC 
GGlTGAAGAA TCTCCCTGAT ACCGGCAGAT CCGGTACCrr CAAACTCCGT TATTGTCCAG 

1450 1460 1470 1480 1490 1500 
TGTGATGCCC TTAGATGITC TGGGCCGCAC GCGCGCTACA CTGATGAAlT CAACGAGTiT 
ACACTACGGG AATCTACAAG ACCCGGCGTG CGCGCGATGT GACTAClTAA GiTGCTCAAA 

1510 1520 1530 154.0 1550 1560 
ACCACCfGGG CCGACAGGCC CGGGTAATCT T G A A A T i T  CATCGTGATG GGGATAGATC 
TGGTGGACCC GGCTGTCCGG GCCCAlTAGA AAACrrrAAA GTAGCACTAC CCCTATCTAG 

1570 1580 1590 1600 1610 1620 
AlTGCAATTA T T G A T C T C A  ACGAGGAAlT CCTAGTAAGC GCGAGTCATC AGCTCGCGlT 
TAACGlTAAT AACTAGAAGT TGCTCCTTAA GGATCAlTCG CGCTCAGTAG TCGAGCGCAA 

1630 1640 1650 1660 1670 1680 
GACACGGTCC CTGCCCrr rG TACACACCGC CCGTCGCTCC TACCGAXGA ATGGTCCGGT 
CTGTGCCAGG GACGGGAAAC ATGTGTGGCG GGCAGCGAGG ATGGCTAACT TACCAGGCCA 

1690 1700 1710 1720 1730 1740 
GAAG1111CG GATCGCGACG ACGCTGGCGG NlTCTCCGCC GGTGACGiTG TGAGAAGlTC 
ClTCAAAAGC CTAGCGCTGC TGCGACCGCC NAAGAGGCGG CCACTGCAAC ACTClTCAAG 

1750 1760 1770 1780 1790 1800 
A l T A A C C T i A  T C A l l T A G A G  CAAGCAGAAG TCGTANCAGN NNNNNNNNNN NNNNNNNNNN 
TAATiGGAAT AGTAAATCTC CTTCCTCTTC AGCATNGTCN NNNNNNNNNN NNNNNNNNNN 

1810 1820 1830 1840 1850 1860 .................................................. NNNNNNNNNN .................................................. NNNNNNNNNN 



Figure 9. 

18s rDNA sequence data for Sphsgnum palustre. 

The entire gene is displayed with "N" showing unsequenced regions. 
The sequence was detennined by double-stranded cycle sequencing using the 
primes listed in Table 1 (Page 2). 

Base Usage 

Code Count - - % - 
A 41 8 23 



10 20 30 40 50 60 
NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNAA AGNNTNAGCC ATGCATCTCT 
NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNlT TCNNANTCGG TACGTACACA 

7U 80 90 100 110 120 
AAGTATAAAC T C l l 7 T G T A C  CGTGAAACTG CGAATGGCTC AlTAAATCAG l T A T A G l l T C  
T K A T A T ' I T G  AGAAAACATG GCACl lTGAC GCITACCGAG T A A m A C T C  AATATCAAAG 

l.30 140 150 160 170 180 
TlTGATGGTA CCrrGCTACT CGGATAACCG TAGTAATTCT AGAGCTAATA CGTGCACCGA 
AAACTACCAT GGAACGATGA GCCTATGGC ATCATTMGA TCTCGAITAT GCACGTGGCT 

190 200 2l0 220 230 240 
CTCCCGACCC CGCAAGGGGA AGGGACGTAT l T A l T A G A T A  AAAGGCCGAT GCGGGCTCGC 
CAGGGCTGGG GCCTTCCCCT TCCCTGCATA AATAATCTAT l lTCCGGCTA CGCCCGAGCG 

250 260 270 280 290 300 
CCGGTAITGC GGTGAATCAT GATAACTCGT CGAATCGCAC GGCCCTGGCG CCGGCGATGT 
GGCCATAACG CCACTTAGTA CTAlTGAGCA GCTTAGCGTG CCGGGACCGC GGCCGCTACA 

310 320 330 340 350 360 
XCATTCAAA TTTCTGCCCT ATCAACTTTC GACGGTAGGA TAGAGGCCTA CCGTGGTGGT 
M G T A A G I T  AAAGACGGGA TAGlTGAAAG CTGCCATCCT ATCTCCGGAT GGCACCACCA 

370 380 390 400 410 420 
GACGGGTGAC GGAGAAlTAG GGlTCGAlTC CGGAGAGGGA GCCTCAGMA CGGCTACCAC 
CTGCCCACTG CCTCl lAATC CCAAGCTAAG GCCTCTCCCT CGGACTCTTT GCCGATGCTG 

430 448 450 460 47@ 480 
ATCCAAGGAA GGCAGCAGGC GCGCAAAlTA CCCAATCCCG ACACGGGGAG GTAGTGACAA 
T A G G l T C C l l  CCGTCGTCCG CGCGTTTAAT GGGlTAGGGC TGTGCCCCTC CATCACTGTT 

490 500 510 520 530 548 
TAAATAACGA TACCGGGCTT lTACAAGTCT GGTMTCGGA ATGAGTACM TCTAAATCCC 
ATITATTGCT ATGCCCCGAA M T G I T C A G A  CCAl7AGCCT T A C T C A T G T  AGAl lTAGGG 

550 560 570 580 590 600 
lTAACGAGGA TCCAlTGGAG GNNNNNNNNN NNNNNNNNNN NNGCGGTAAT TCCAGCTCCA 
AAlTGCTCCT AGGTAACCTC CNNNNNNNNN NNNNNNNNNN NNCGCCATTA AGGTCGAGGT 

610 620 630 640 650 660 
ATAGCGTATA TTTAAGTJGT TGCACrrAAA AAGCTCGTAG lTGGATCTCG GGGCGGGGCG 
TATCGCATAT AAATTCAACA ACGTCAATTT TTCGAGCATC AACCTAGAGC CCCGCCCCGC 

670 680 690 700 710 720 
GGCGGTCCGC CCTCTlTGGG GGTGTGCACC GGCCTCCCCG TCCrrAGTGC CGGGGACGCG 
CCGCCAGGCG GGAGAAACCC CCACACGTGG CCGGAGGGGC AGGAATCACG GCCCCTGCCC 

730 740 750 760 770 780 
CTCCTGGCCT TGACTGGTCG GGACGCGGAT TCGGCGACGT T A C r r r G A A A  AAAlTAGAGT 
GAGGACCGGA ACTGACCAGC CCTGCGCCTA AGCCGCTGCA A T G A A A t T i T  m A A T C T C A  

790 800 810 820 830 840 
AATCAAAGCA AGCCTACGCT CTGAATACAT TAGCATGGGA TAGCGCGATA GGACTCTGGT 
l T A G l l T C G T  TCGGATGCGA GACTTATGTA A T  CGTACCCT ATCGCGCTAT CCTGAGACCA 

850 860 870 880 890 900 
CCTCITGTGT TGGTCTTCGG GACCGGAGTA A T C A l l M T A  GGCACGGTTG GGGGCATTCG 
GGACAACACA ACCAGAAGCC CTGGCCTCAT TACTAAlTAT CCCTGCCAAC CCCCGTAAGC 



910 920 930 940 950 960 
TA l lTCATTG TCAGAGGTGA AATTCTTGGA TTTACGAAAG ACGAACrrCT GCGAAAGCAT 
ATAAAGTAAC AGTCTCCACT lTAAGAACCT AAATGCrr rC TGCTTGAAGA CGCllTCGTA 

970 980 990 1000 1010 1020 
TTGCCAAGGA T G l n T C A l T  AATCAAGAAC GAAACTTGGG GGCTCGAAGA CGATCAGATA 
AACGGlTCCT ACAAAAGTAA l T A G l T C l l G  CrrrCAACCC CCGAGCrrCT GCTAGTCTAT 

1030 1040 1050 1060 1070 1080 
CCCTCCTAGT CTCAACCGTA AACGATGCCG ACTAGGGATC GGCGGATCrr GAATCGATGA 
GGCAGGATCA GAGlTGGCAT lTGCTACGGC TGATCCCTAG CCGCCTACAA CTTAGCTACT 

1090 1100 1110 1120 Il30 1140 
CTCCGCCGGC ACCrrATGAG AAATCAAAGT ITiTGGGTTC CGGGGGGAGT ATGGTCGCAA 
GAGGCGGCCG TGGAATACTC T I T A G m C A  AAAACCCAAG GCCCCCCTCA TACCAGCGlT 

1150 1160 1170 1180 1190 1200 
GGCTGANNNN NNNNNNNNNN NNNNNNNNNN NNNCACCAGG AGTGGAGCCT GCGGCITAAT 
CCCACTNNNN NNNNNNNNNN NNNNNNNNNN NNNGTGGTCC TCACCTCGGA CGCCGAAlTA 

123.0 1220 1230 1240 1250 1260 
iTGAClCAAC ACGGGGAAAC TCACCAGGTC CAGACATAGT GAGGATTGAC AGAlTGAGAG 
MCTGAGlTG TGCCCCrrrG AGTGGTCCAG GTCTGTATCA CTCCTAACTG TCTAACTCTC 

1270 1280 1290 1300 1310 1320 
CTCT iTC lTG ATTCTATGGG TGGTGGTGCA TGGCCGTTCT TAGlTGGTGG AGTGATTTGT 
GAGAAAGAAC TAAGATACCC ACCACCACGT ACCGGCAAGA ATCAACCACC TCACTAAACA 

1330 1340 1350 1360 1370 1380 
CTGGlTAATT CCGlTAACGA ACCAGACCTC AGCCTGlTAA CTAGTCACGC GAAGGGlTCC 
GACCAATAA GGCAAlTGCT TGCTCTGCAG TCGGACAAlT GATCAGTGCG ClTCCCAAGG 

1390 1400 1410 1420 1430 1440 
C C ' G C G G G  CGACTTOTA GAGGGACTAT TGGCGTCTAG CCAATGGAAG TTTGAGGCAA 
GGAACCGCCC GCTGAAGAAT CTCCCTGATA ACCGCAGATC GGTTACCTTC AAACTCCGlT 

1450 1460 1470 1480 1490 1330 
TAACAGGTCT GTGATGCCCT TAGAATGlTC TGGGCCGCAC GCGCGCTACA CTGATGAAIT 
AlTGTCCAGA CACTA CGGGA ATCITACAAG ACCCGGCGTG CGCGCGATGT GACTAClTAA 

1510 1520 1530 1540 1550 1560 
CAACGAGTIT ATAACCTGGG CCGACAGGCC CGGGTAATCT TTTGMATTT CATCGTGATG 
GlTGCTCAAA TAITGGACCC GGCTGTCCGG GCCCAlTAGA AAACrrrAAA GTAGCACTAC 

1570 1580 1590 1600 1610 1620 
GGGATAGATC AlTGCAAITA lTGATCTCCA ACGAGGAAlT CCTAGTAAGC GCGAGTCATC 
CCCTATCTAG TAACGlTAAT AACTAGAGGT TGCTCCrrAA GGATCAlTCG CGCTCAGTAG 

1630 1640 1650 1660 1670 1680 
AGCTCGCGlT GACTACGTCC CTGCCClTTG TACACACCGC CCGTCGCTCC TACCGAITGA 
TCGAGCGCAA CTGATGCAGG GACGGGAAAC ATGTGTGGCG GGCAGCGAGG ATGGCTMCT 

1690 1700 1710 1720 1730 1740 
ATGGTCCGGT G A A c r i r T C G  GATCGCGGCG ACGCCTGCGG lTCGCCGCCG GCGACGlTGT 
TACCAGGCCA ClTCAAAAGC CTAGCGCCGC TGCGGACGCC AAGCGGCGGC CGCTGCAACA 

1x0 1760 1770 1780 1790 1800 
GAGAAGTTCA TCAAACClTA TCATITAGAG GAAGGAGAAG TCGTAACAAG CrrrCCGTAG 
CTCl lCAAGT AGfTTGGAAT AGTAAATCTC ClTCCTCTTC AGCAlTGlTC CAAAGGCATC 

1810 1820 1830 1840 1850 1860 
........................................ GTGAACNNNN NNNNNNNNNN 
........................................ CACTTGNNNN NNNNNNNNNN 



Figure 10. 

1ûS rDNA sequence data cornparisons of PhyscomitreIIa patens. 

Homology alignment conducted with MacDNASlS sequenœ analysis software 
(Pro v3.6). 
Physcomitrel/a patens 18s rDNA sequence data generated in this project is 
represented on the top line [labeled 'Physcomitrella patenn]. Physcomitrel/a 
patens 18s rDNA sequenœ reported in GenBank accession # X80986 
[ labeled 'P patens (Capesius)'] 



10 20 30 40 50 
1 NNNNNNNNNN NNNNNNNNNN NNNNNNNNNN NNNNNNNNAA AGATTAAGCC 
1 AACCTGGlTG ATCCTGCCA G TAGTCATATG CTGTCTCAA AGArrAAGCC 

Physcomitrel 

w 
P patens (Ca 

60 70 80 90 100 
51 ATGCATGTGT AAGTATAAAC T C r r r r G T A C  TGTGAAACTG CGAATGGCTC 
51 ATGCATGTGT AAGTATAAAC T C T I C T A C  TGTGAAACTG CGAATGGCTC 

Physcomit rel 
P patens (Ca 

110 120 130 140 150 
101 A T A A A T C A G  T T A T A G l l T C  TITGATGGTA CCrrGCTACT CGGATAACCG 
101 ATTAAATCAG lTATACTTTC l-iTG4TGGTA C C i l G C T A C T  CGGATAACCG 

Physcomi trel 
P patens (Ca 

160 1 70 180 190 200 
151 TAGTAATTCT AGAGCTAATA CGTGCACAAA CTCCCGAClT ~ G G A A G G  
151 T A G T A A X C T  AGAGCTMTA CGTGCACAAA CTCCCGACrr V l T G G A A G G  

Physcomitrel 
P patens (Ca 

210 220 230 240 2% 
201 GACGTA'TTTA TEAGATAAAA GGCCGATGCG GGCITGCCCG GTGTGCGGT 
201 GACGTATITA lTAGATAAAA GGCCGATGCG GGClTGCCCG GTGTTGCGGT 

Physcomitrel 
P patens (Ca 

260 270 280 290 300 
251 GAATCATGAT A A C r r r G T C G  AATCGCACGG CClTGGCGCT G G C G A T m  
251 GAATCATGAT A A C r r r G T C G  AATCGCACGG CCrrGGCGCT G G C G A T M  

Physcomit rel 
P patens (Ca 

310 320 330 340 3 9  
301 CATTCAAAlT TCTGCCCTAT CAACTTTCGA TGGTAGGATA GAGGCCTACC 
301 C A l l C A A A l T  TCTGCCCTAT CAACTTTCGA TGGTAGGATA GAGGCCTACC 

Physcomit rel 
P patens (Ca 

360 370 380 390 400 
351 ATGGTGGTAA CGGGTGACGG AGAATTAGGG ITCGAITCCG GAGAGGGAGC 
351 ATGGTGGTAA CGGGTGACGG AGAATTAGGG ITCGAlTCCG GAGAGGGAGC 

Physcomit rel 

Z 
P patens (Ca 

4. 6 410 420 430 440 450 
401 CTGAGAAACG GCTACCACAT CCAAGGAAGG CAGCAGGCGC GCAAAlTACC 
401 CTGAGAAACG GCTACCACAT CCAAGGAAGG CAGCAGGCGC GCAAATTACC 

Physcomi t rel 
P patens (Ca 

460 470 480 490 500 
451 CAATCCCGAC ACGGGGAGGT AGTGACAATA AATAACAATA C T G G G C l l l l  
451 CAATCCCGAC ACGGGGAGGT AGTGACAATA AATAACAATA C T G G G C l l l 7  

Physcomitrel 
P patens (Ca 

510 520 530 540 550 
501 ACAAGTCTGG T A A T K G A A T  GAGTACAATC TAAATCCClT AACCAGGATC 
501 ACAAGTCTGG TAAITGGAAT GAGTACAATC TAAATCCCl7  AACGAGGATC 

Physcomitrel 
P patens (Ca 

560 570 580 590 600 
551 CATTGGAGGN NNNNNNNNNN NNNNNNNNNN GCGGTAAlTC CAGCTCCAAT 
551 CAlTGGAGGG CAAGTCTGGT GCCAGCAGCC GCGGTAATTC CAGCTCCAAT 

Physcomitrel 
P patens (Ca 

610 620 630 640 650 
601 A G C G T A T A l l  TAAGTTGiTG CAGlTAAAAA GCTCGTAGIT GGATClTGGG 
601 AGCGTATATT T A A C r r C r r C  CAGTTAAAAA GCTCCTAGTi GGATCTTGGG 

Physcomitrel 
P patens (Ca 

660 670 680 690 700 
651 TCGGGGGGAG CGGTCCGCCC CrrGTGGGTG TGCACTGGTC CACTCGGCCT 
651 TCGGGGGCAG CGGTCCGCCC CTGTGGGTG TGCACTGGTC CACTCGGCCT 

Physcomit re l  
P patens (Ca 

710 720 730 740 750 
701 TCTTGCCGGG GACGCGCTCC T G G l l l l M T  TAATCGGGAC GCGGAGTCGG 
701 TCrrGCCGGG GACGCGCTCC TGG1111AAT TAATCGGCAC GCGGAGTCGG 

Physcomit rel 
P patens (Ca 

$: 760 770 780 790 800 
751 CGATGITACT lTCAAAAAAT TAGAGTGCTC AAAGCAAGCC TATGCTCTGA 
751 CGATCr rACT lTCAAAAAAT TAGAGTGCTC AAAGCAAGCC TATGCTCTGA 

Physcomit rel 
P patens (Ca 



810 8 20 830 840 8 9  
801 ATACAlTAGC ATGGAATAAC GTGATAGGAC TCTGGTCCTG T K G T G l T G G  
801 ATACAlTAGC ATGGMTAAC GTGATAGGAC TCTGGTCCTG lTCGTGTTGG 

Physcomi t r e l  

w 
P patens (Ca 

h 
Physcomi t r e l  
P patens (Ca 

860 870 880 890 900 
851 TClTCGGGAC CGGAGTAATG ATTAATAGGG ACGGlTGGGG GCATTCGTAT 
851 TCTTCGGGAC CGGAGTAATG AlTAATAGGG ACGGlTGGGG GCAlTCGTAT 

910 920 930 940 950 
901 TTCA77GTCA GAGGTGAAAT TCTTGGATIT ATGAAAGACG AAClTCTGCG 
901 TiCATiGTCA GAGGTCAAAT T C l T G G A T I T  ATGAAAGACG AACTTCTGCG 

Physcomit r e l  
P patens (Ca 

960 9 70 980 990 1000 
951 AAAGCATTTG CCAAGGATGT l l T C A T T A A T  CAAGAACCAA AGlTGGGGGC 
951 A A A G C A T G  CCAAGGATGT l l T C A T T A A T  C A A G A A C W  AGTGGGGGC 

Physcomitrel 
P patens (Ca 

1010 1020 1030 1040 1050 
1001 TCGAAGACGA TCAGATACCG TCCTAGTCTC AACCATAAAC GATGCCGACT 
1001 TCGAAGACGA TCAGATACCG TCCTAGTCTC AACCATAAAC GATGCCGACT 

Physcomi t r e l  
P patens (Ca 

1060 1070 1080 1090 1100 
1051 AGGGATTGGC GGATGTTACT lTGATGACTC CGCCAGCACC TTATGAGAAA 
1051 AGGGATTGGC GCCITGlTACT ITGATGACTC CGCCAGCACC TTATGAGAAA 

Physcomitrel 
P patens (Ca 

1110 1120 1130 1140 1150 
1101 T C A A A G i i i i  TNGGlTCCGG GGNGAGTATG NTCGCAAGNC TGAANNNNNN 
1101 T C A A A G r r r r  TGGGTTCCGG GGGCAGTATG GTCGCAAGGC TGAAAClTAA 

Physcomi t r e l  
P patens (Ca 

1160 1170 1180 1190 1200 
1151 NNNNNNNNNN NNNNNNGCAC NACCAGGAGT GGAG-CTGCG GCTtAATITG 
1151 AGGAAlTGAC GGAAGGGCAC CACCAGGAGT GGAGCCTGCG GCITAATTTG 

Physcomi t r e l  
P patens (Ca 

a -a 
Physcomitrel 
P patens (Ca 

1210 1220 1230 1240 1250 
1201 ACTCAACACG GGGAAACrrA CCAGGTCCAG ACATAGTAAG GAITGACAGA 
1201 ACTCAACACC GGGAAACTTA CCAGGTCCAG ACATAGTAAG GA'ITGACAGA 

1260 1270 1280 1290 1300 
1251 TTGAGAGCTC T I l C l T G A T T  CTATGGGTGG TGGTGCATGG CCCi"TTCTTAG 
1251 TTGAGAGCTC T l T C r r G A T i  CTATGGGTGG TGGTGCATGG CCGTTCITA G 

Physcomit r e l  
P patens (Ca 

1310 1320 1330 1340 1350 
1301 TTGGTGGAGT G A l l T G T C T G  GTTAAITCCC TTAACCAACG AGACCTCAGC 
1301 ITGGTGGAGT GATITGTCTG Gl lAATTCCG lTAACGAACG AGACCTCAGC 

Physcomitrel 
P patens (Ca 

1360 1370 1380 1390 1400 
1351 CTGCTAACTA GTTACGCGAA G G A T i T l T C  CrrrGCGGCC A A C r r C r r A G  
1351 CTGCTAACTA GlTACGCGAA G G A i C  r i G C G G C C  AACTTCiTAG 

Physcomi t r e l  
P patens (Ca 

1410 1420 1430 144-0 1450 
1401 AGGGACTATC GGCGTCTAGC CGATGGAAGT lTGAGGCAAT AACAGGTCTG 
1401 AGGGACTATC GGCGTCTAGC CGATGGAAGT TTGAGGCAAT AACAGGTCTG 

Physcomitrel 
P patens (Ca 

1460 1470 1480 1490 1500 
1451 TGATGCCCrr AGATGITCTG GGCCGCACGC GCGCTACACT GATGAAITCA 
1451 TGATGCCCrr AGATCTTCTG GGCCGCACGC GCGCTACACT GATGAATTCA 

Physcomitrel 
P patens (Ca 

1510 1520 1530 1540 1550 
1501 A C G A m A T  AACCTGGACC GATA-GGTCT GGGTAATCrr lTGAAATTTC 
1501 A C G A C r r r A T  AACCTGGGCC GATACGGT-T GGGTAATCTT lTGAAATTTC 

Physcomi t r e l  
P patens (Ca c 1560 1570 1580 1590 1600 

1551 ATCGTGATGG GGATACATCA T i G C A A l T A T  TGATCTTCAA CGAGGMTTC 
1551 ATCGTGATGG GGATAGATCA lTGCAATTAT TGATCITCAA CGAGGAATC 

Physcmi t re l  
P patens (Ca 



- Physcomitrel 

L P patens (Ca 

Physcomi t r e l  
P patens (Ca 

Physcomitrel 
P patens (Ca 

Physcomi t r e l  
P patens (Ca 

Physcomitrel 
P patens (Ca 

1610 1620 1630 1640 1650 
1601 CTAGTAAGCG CGAGTCATCA GCTCGCGTTG ACTACGTCCC T G C C C r r r G T  
1601 CTAGTAAGCC CGAGTCATCA GCTCGCGlTG ACTACGTCCC T G C C C r r r G T  

1660 1670 1680 1690 1700 
1651 ACACACCGCC CGTCGCTCCT ACCGAlTGAA TCGTCCGGTG A A G t r r r C G G  
1651 ACACACCGCC CGTCGCTCCT ACCGATGAA TGGTCCGGTG A A C r r r r C G G  

1710 1720 1730 1740 1750 
1701 ATTGCGGCGA TGCCGGCGGT TCGCCGCCGG TGACGTKGG AGAAGITCAT 
1701 AlTGCGGCGA TGCCGGCGGT TCGCCGCCGG TCACGTTGGG AGAAGTTCAT 

1760 1770 1780 1790 1800 
1751 TAAACCTTAT CATllAGAGG AAGGAGAAGT CGTAACAAGG l lTCCGTAGG 
1751 TAAACCTTAT CATi lAGAGG AAGGAGAAGT CGTAACAAGG TTTCCGTAGG 

1810 1820 1830 1840 1850 
1801 TNNNNNNNNN NNNNNNNNN. .......... .......... .......... 
1801 TGAACCTGCA GAAGGATCA. .......... .......... .......... 
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w Table 2. Taxa Iist with classification. 
J 

Y!* 

Division Chlorophyta (Green Plants) 
Subdivision Em bryophytina (Em bryophytes) 

B V O P ~ Y ~ ~  Anthocerotopsida Anfhoceros laevis 
Anthocems agrestis 
Megacems aenigmaticus 
Notoph ylas b reutelu 

Bryopsida Atnchum undulatum 
Bryum argenteum 
Eurhynchium hians 
Funaria hygrornetrïca 
Leptobryum pynforme 
Mnium hornum 
Physcomitrella patens 
Physcomitrella patens 2 
Physw mitrium pynforme 
Polytnchum formosum 

Sphagnopsida Sphagnum cuspidatum 
Sphagnum palustre 

Hepaticopsida Calypogeia arguta 
Conocephalum conicum 
Fossomb ronia pusilla 
Marchantia polymospha 
Reboulia hemisphaehca 
Riccia fluitans 
Scapania nemorea 
Sphaetucarpus donnelli 
Sphaemcarpus texanus 
Ricca rdia pinguis 
Pellia epiphylla 



w 
.# Table 2. Taxa list with classification (cont'd). 
3& 

Division Chlorophyta (Green Plants) 
Subdivision Em bryophytina (Em bryophytes) 

Class Subclass enus species 

Equisetophyta Equisetophyta Equisetum robustum 
Sphenopsida Equisetum hyemale 

Fil icophyta Ptens vittata 
Filicopsida Adianturn raddianum 

Adiantum raddianum 2 
Osmunda cinnarnomea 
Salvinia natans 

Ophioglossopsida Ophioglossumpetiolatum 

Lycopodiophyta Isoetopsida lsoetes englemannii 
Selaginella um b rosa 
Sela ginella vogelii 

Lycopodiopsida H uperzia lucidulum 
Lycopodiella inundatum 
Lycopodium phlegrnana 
Lycopodium taxifoliurn 
Lycopodium tristachyum 

Magnoliophyta Liliopsida Oryza sativa 
Zea mays 

Magnoliopsida Ara bidopsis thaliana 
Glycine max 
Sinapis alba 

Pinophyta C ycad icae Zamia pumila 
P in icae Ginkgo biloba 

Nageia nagi 
Pinus luch uensis 
Pin us wallichia na 
Taxus mairei 

Gneticae Gnetum leyboidii 

< Psilotophyta Psilotopsida Psilotum nudum 

ession # 



c Table 2. Taxa list with classification (cont'd). 

Outgroups 

Division Chlorophyta (Green Plants) 
Subdivision Chlorophycophtina (Green Algae) 

GhS Subclass Genus seecies Accession # 

C haraphyta Coleochaetales Coloeochaete scutata X68825 
Klebsorm idiales Klebsormidium flaccidum X75520 
Charales Cha ra foetida ~70704 

Nitella flexilis U05261 
Nitella sp. ~95615 

Chlorophyta C hlorococcales Pa~etochlons pseudoalveolaris M63002 
Hydrodkfyon reticulaturn ~74497 

Vo lvoca les Chlamydomonas reinhardtii M32703 

Division UES Genus s~ecres ession # 

Eumycota Hem iascom ycetes Sacchammyces cerevisiae JO1353 
Archaeascom ycetes Schizosaccharomyces pombe x58056 

Myxom ycota D ictyosteliida Dictyostelium discoideum K02641 



Table 3. Taxa set designations. 

Taxa Author Accession Enor Status Taxa Set A Taxa Set 6 Taxa Set C 

Notophyias breutelu 
PhyscomitreUa patens 
fien's vittata 
Sphagnum palustre 
Antbocems agresbs 
Abichum undulatum 
C Jypogeia arguta 
Conocephalum coniarm 
Fossombmnia puda  
Fun ana hygometn'ca 
Lepiobryum pyr i fam 
Mnium homum 
Pdüa epiphyila 
Physcomitndla patens 2 
Pdy6i*chum rOmsrm 
Riccardia @n@s 
Ricâa nuitans 
Scapania netnoma 
Sinapis alba 
Sphaemcarpos donnelli 
Sphagwm cuspidatum 
Anihocems laevis 
Bryum argenteum 
Equiseîum hyemale 
Eufiynchium hians 
Hupem-a luaduium 
lsoetes engelmanni 
Lyatpoddla inundatum 
Lywpodium ûistachyum 
Opfiogloss~m peüolatum 
Osnunda annamomea 
Physcomiûïum p y n h n e  
Reboulia hemïsphaenca 
Sphaeroiapus texanus 
Ginkgo biloba 
Nageia nagi 
Pinus luchuenss 
Taus  mairei 
S&izusaahammyars pombe 
Glycine max 
Arabido psis fialiana 
CMamydomonas reinhardtü 
Adantum raddianum 
Chan hetida 
Cdeochaeta scutah 
Equisehrm mbustum 
KIebsomldum flaccidum 
Lycopodium phlegrnana 
Lycopodium taxiblium 
Marchantia poiymorpha 
Ps7otum nudum 
Salwnia natans 
Sdgnella umbrosa 

~anetodilon's pseudbehmdaris 
Saccharomyces cemvisiae 
Dictyostelium dscoideum 
Zea mays 
Zamie pumüa 
Gneturn leyôddii 
NifeIla nexilis 
Rnus waüichiane 
Oïyza sativa 
Hydmddyon mliculatum 
Nitella sp. 

Ashîon 
-OB 
Ashton 
AsMon 

Capesius 
Capesius 
Capesius 
Capesius 
Capesius 
Capesius 
Capesius 
Capesius 
Capesius 
Capesius 
Capesius 
capesius 
Capesius 
Capesius 
capesius 
Capesiw 
capesius 
Chapman 
Chapman 
Chapman 
Chapmn 
Chapman 
Chapman 
Chapman 
Chapman 
Chapman 
Chapman 
Chaprnan 
Chapman 
Chapman 

Chaw 
C haw 
C haw 
C haw 

De Wchter 
Eckenmde 
Gruendler 
Gunderson 

Huss 
Huss 
Huss 
H u s  
Huss 
Huss 
Huss 
Huss 
Huss 
Huss 
Huss 
Hltss 
Lems 

Mankin 
McCarroll 
Messing 

Naire 
Nkkrent 
Ragan 
Sensen 
Takaiwa 
\Mlcox 
Wlmx 

OK 
OK 
OK 
OK 
OK 
N A  
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OU 
OK 
OK 
OK 
OK 
OU 
OK 
OK 
NIA 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
N A  
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
N/A 
WA 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
OK 
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Figure 1 1. 

Frequency distribution of lengths of random trees for taxa set B and C. 

The gl statistic for tree length distribution skewness was determined for both 
taxa set B and C. The gl statistic based on the length distribution of 50,000 
randomly sampled trees from a set of al1 possible trees. 



Taxa set B frequency distribution of lengths of random trees 

Tlee Length (# steps) 

Taxa set C frequency distribution of lengths of random trees 
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Figure 1 2 Distribution of relative substitution rates estimated from 
alignment of 18s rDNA of taxa set B .............................. 40 

Figure 1 3 Distribution of relative substitution rates w ith respect to 
MacClade matrix, estimated from alignment of 18s 
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Figure 12. 

Distribution of relative substitution rates, estimated from alignment of 18s 
rDNA of taxa set B. 

Rates were estimated for each of the alignment positions not absolutely 
conservecl and that contain a nucleotide in at least 25% of the aligned 
sequences. The colored areas in spectra define sets of nucleotides indicated 
in different categories used for phylogenetic analysis. 



# of Positions 



Figure 13. 

Distribution of relative substitution rates with respect to MacClade rnatrix, 
estimateci from alignment of 18s rûNA of taxa set B. 

Variability is the log of the values in the variability table for taxa set B (Table 4). 





Table 4. 

Variability table for taxa set B. 

The variabilities were calwlated using taxa set B. 

Column Headinqs 
Site :refers to matrix location of MacClade Matrix 
Variability :Score generated with 3 iterations of substition rate calwlation. 
Cat :VariabMy category (shown in columns of MacClade Matrix) 

Color Key 

Cat # Color 
- 1  Grey 
O White 1 1 
1 Red 

3 YeHow I I 
4 Green 
5 Blue 
6 Purple 

Note: Nonvariable sites represented by purple are not included in table. 



Table 4. Variability table for taxa set B. 





Table 4. Variabiiity table for taxa set B. 



Table 4. Variability table for taxa set B. 





Table 4. VariabilÎty table for taxa set B. 

21 sel 1 -278405 
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Figure 14. 

Secondary structure model for 18s rDNA of Physcomitrella patens. 

The pnmary structure data was obtained from GenBank accession X80986. 
The sequence is written clockwise 5' + 3'. Helix numbering is according to 
Van de Peer et al. (q 997). 
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Figure 15. 

Secondary structure mode1 for 18S rDNA of PhyscomitreMa patens with 
primary and secondary structure corrections on helix 46. 

The uncorrected primary structure data was obtained from Genbank accession 
X80986. The sequence is written clockwise 5' + 3'. Helix numbering is 
according to Van de Peer et ai. (1 997). 





Figure 16. 

Variability map of lower plants superimposed on the 18s rDNA secondary 
structure mode1 of PhyscomitreiIa patens shown in Figure 15. 

Nucleotides are subdivided into five groups of increasing variability as 
described by Van de Peer et al. (1 997). The most variable poslions are in rad 
(category 1) and, the most conserved in blue (category 5). Purple indicates the 
positions which are absolutely conserved, (category 6). Nucleotides present in 
Physcornitrela patens but absent in 75% of the lower plants considered are 
indicated in white. Grey indicates regions of undetennined variability due to 
ambiguous alignment. 



Number of positions 
A h) O P ul CD 4 a3 

O O O O O O O O O 



Table 5. 

Variability table for taxa set C. 

The variabilities were calculated using taxa set C. 

Column Headings 
Site :refers to matrk location of MacClade Matrix 
Vanability :Score generated with 3 iterations of substition rate calculation. 
Cat :Variabilrty category (shown in columns of MacClade Matrix) 

Color Key 

Cat # Color 
- 1  Grey 
O White 
1 Red 

3 Yellow 
4 Green 
5 Blue 
6 Purple 

Note: Nonvariable sites represented by purple are not included in table. 



Table S. Variability table for taxa set C. 



Table 5. Variability table for taxa set Cm 



Table 5. Variability table for taxa set C. 



TaMe 5. Variability table for taxa set C. 
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Table 6. Character-Based phylogenetic trees; Parsimony 

Figure Data Set Description Page 

Figure A A 50% Majority-rule consensus tree 
Figure B A 50% Majorify-rule boofsfrap free 
Figure C A Strict consensus tree with decay indices 
Figure D 8 5Wh Majonty-ru te consensus tree 
Figure E 6 50% Majority-n.de bootstrap tree 



- Table 7. Character-based phylogenetic mes; Maximum likelihood 
4 2 2  

Figure Data Set Description Page 

Figure F A Quartet puzzling (Heuristic maximum likelihood) 77 
Figure G B Quarfef puzzling (Heuristic maximum likefihood) 78 
Figure H A Maximum likelihood 79 
Figure l A Maximum likeiiiod bootstrap tree 80 



Table 8. Distance-Based phylogenetic trees; Taxa set A. 

Insertion & 
Deletions 
taken into 

Figure Distance Calculaüon account 

A1 S Jukes & Cantor (1 969) 
A1 BS II 

A2S m 

A2BS II 

BIS TajimaaNei(1984) 
B1 BS n 

82s II 

020s m 

C1S Kimura(1980) 
C l  BS II 

C2S II 

C2BS m 

D l  .1 S Jin & Nei (1 990) 
D l  -1 BS II 

01 -2s a 

D l  .2BS II 

D2.1 S II 

D2.1BS 11 

D2.2S II 

D2.2BS II 

E l  S Transversions Oniy 
E l  BS m 

E2S m 

E2BS II 

FIS No Correction 
F i  BS n 

F2S II 

F 2BS II 

G1 S Van de Peer & De Wachter (1996) 
G1 BS ll 

G2S II 

GZBS n 

No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 

Alignment 
Positions Bootstrap Evolution Mode1 Page 

AH No LI 81 
AH 100 - 83 
All No 4) 85 
All 100 CI 87 
Al1 No r )  89 
All 1 O0 - 9 1 
ALI No a 93 
All 1 O0 4 95 
All No a 97 
Ail 1 O0 - 99 
Al! No .c 101 
All 100 CI 1 03 
Al1 No Jukes & Cantor 105 
All 100 Jukes & Cantor 1 07 
All No Jukes & Cantor 109 
All 100 Jukes & Cantor 111 
NI No Kirnura2-p 113 
All 1 O0 Kimura2-p 115 
Al1 No Kimura 2-p 117 
All 100 Kimura2-p 119 
Ail No 4r 121 
Alf 1 O0 4r 123 
All No L1 125 
All 100 .c 127 
AH No C 129 
All 100 5 131 
AH No - 133 
AI1 100 C 135 
Ail No ... 137 
All 1 O0 - 139 
All No C 141 
AI1 100 C 143 

Figure Label Key: 

A First letter: Distance Calculation (Le. A= Jukes & Cantor) 
1 Number: indel status (e.g. 1= not taken into account, 2= taken into account) 
B If B is present = 50% major@-rule bootstrap tree 
S lndicates taxa set A 



Table 9. Distance-Based phylogenetic trees; Taxa set B. 

Insertion & 
Deletions 
taken into Alignrnent 

FÏÏure Distance Calwlation a m u n t  Positions Bootstrap Evolution Model Page 

Jukes & Cantor (1 969) 
II 

n 

n 

Tajima & Nei (1 984) 
w 

n 

n 

Kimura (1 980) 
a 

II 

w 

Jin & Nei (1990) 
II 

n 

n 

n 

II 

n 

a 

Transversions Only 
n 

II 

n 

No Corndion 
n 

II 

n 

Van de Peer 8 De Wachter (1 996) 
II 

II 

n 

No Correction 
n 

n 

No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 

Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 
No 

Al1 
All 
All 
All 
AI1 
Ali 
Al1 
All 
AI1 
Ail 
All 
AI1 
Al1 
All 
All 
All 
All 
All 
All 
All 
All 
All 
Ail 
All 
Al 
AI1 
All 
All 
All 
Ail 
All 
All 

0,1 ,2,3,4 
011 12 

2,3,4,5,6 

5 - 
41 

4. 

5 - 
41 - 
.I 

5 - 
Jukes & Cantor 
Jukes Br Cantor 
Jukes & Cantor 
Jukes & Cantor 

Kirnura 2-p 
Kirnura 2-p 
Kirnura 2-p 
iürnura 2-p 

LI 

.c 

.LI - 
5 - 
4r 

œ 

4. 

r 

LI 

41 

œ 

41 

5 

Figure Label Key: 

A Fimt letter: Distance Calculation (Le. A= Jukes & Cantor) 
1 Number: indel status (e-g. 1= not taken into account, 2= taken into account) 
B If B is present = 50% rnajority-rule bootstrap tree 



T d e  10. 

~odsistent monophyletic clusters in distance-based analyses. 

These monophyletic clusters constitute the triangles shown in the second tree 
of each pair for al1 distance-based analysis. 



T u a  set A : Monophyletic Clusters Taxa set B : Monophyletic Clusters 

Pinophyta Pinus luchuensis 
Tams mairei 
Nageia nagi 
Gnetum leyboldii 

Magnoliophyta a a m v s  
Otyu sativa 
Glycine rnax 
Sinapis alba 
A rab zdo psis thuliuna 

Isoetopsi da Selaginella vogelii 
Se laginella um b rosa 

L y cop~&opsida Lycopodium tmifolium 
Lycopoditt rn 
phlegmuria 

Bryopsida Physcomitreih patem 
Funaria tTygrometrica 
Mnium hornum 
Leptobryum pynyorme 

Pinophyta Pinus w allichiana 
Piniis Iiich r ensis 
Tbxus mairei 
Nageia nagi 
Gnetum le-vboldii 

Magnoliophyta Zea m q s  
0-a sativa 
Glycine max 
Sinapis alba 
Arabidopsis rhaliana 

Isoetopsida Selaginella vogelii 
Selaginella urn &rosa 
Isoetes engelmannii 

L y -O& opsida Lycopodium tmifohrn 
Lycopodium phlegrnaria 
Lycopoùium tristachyuna 
Hupenia lucichtlurn 

Bryopsida Physcomitrella patens 
Physcomitrella patens 2 
Funaria hygrometrica 
~hyscornirnum pyriforme 
Mnium homum 
Leptobryum pyriyorme 
Eurhynchium hians 
Bryum argenteurn 

Anthocero~opsi da Anthoceros laevis Anthocerotop si da Anthoceros laevis 
No tophy las b reu telu Notophylas breuteh 
Megaceros Megaceros aenigmatinrs 
aenigmaticus 

Hep&copsi& Riccia fluitam Hepaticopsida Riccia fluitans 
Conocephalum Conocephalum conicum 
conicum M a r c h t i a  polyrnorpha 
Marchantia Reboulia hemisphaerica 
polymorpha Sphaerocarpus t e x a m  
Sphaerocarpos donnelli Sphaerocarpos donnelli 

Cbarale~ Chara foetida 
Nitelkt sp. 
Nitella flexilis 

Chlorophyta Pane toch loris 
pseudoalveolaris 
Hydrodicîyon re ticulatum 
Chlamydomonas reinhardh'i 



Fiiicophyta 

I - ~ e a  mays 

Glp'm max 

Zamia pumüa 

100 
Ginkgo b i b b  

Nage& nagi 

Taxus m a m  

Figure A Panimony; 50% Majority-Rule Consensus Tree of four most parsirnonious trees (tree length = 1589) 
Taxa set A; informative sites only; Heuristic (100 replicates; random taxon addition; TBR) 

72 



50% Majodty-rule Bootstrap 
AnthcreslwsgfB5t4S 1 

Figure B Panimony; 50% Majonty-Rule Bootstrap Tree 
Taxa set A; informative sites only; 
Heu ristic (1 00 bootstrap replicates; each with 1 0 replicates of random taon addition; TBR) 



hssmkonia  pusda 

Scapania nemorea 

Sphagnum cuqdatum 

Sphagnum pakffbe 

22 
ArabKlopsk fialiana 

3 Slnapff sfba 

19 Gljcrne max 

Zamia pumrla 

1 
Ginkgo brrob8 

2 1 -  Adiantum mddienum 
-- - Pie* d 8 t 8  

Sehhie natans 

Figure C Parsimony; Strict Consensus Tree of four most piirsimonious trees (tree length = 1589) 
Taxa set A; informative sites only; Heuristic (1 00 repliates; random taon addition; TBR) 
Decay Indices an show above each branch 



59 95 0&b$ossurn peodaium 
Psdbtum nudum 

a Osmunda cinnamomes 
Adanhm d d a n u m  
Adanîum d d a n u m  2 
Pfe& Mat8 

Figure D Panimony; 50% Majority-Rule Consensus Tree of 88 most panimonious trees (tree length = 3156) 
Taxa set 8; informative sites only; Heuristic (100 replicates; random taxon addition; TBR) 



50% Majorlty-wle Bootstrap 

Sdunie natens 
Equisetum hyemde 
EWsetum mbushrm 
Ophro$ossum petidaîum 
Pdotum nudum 
Osmunda cinnamome8 
Adanîum mddanum 
Adianîum raddienum 2 
Ptens Mata 
lsoetes engelmanni 
Selagnda unbmsa 
Seiagnda vogelü 
Hupenia luadda 
Lycopodium ûistachyum 
Lppodium pMegneri8 
Lywpodium texdbüum 

Figure E Panimony; 50% Majonty-Rule Bootstrap Tree 
Taxa set B; informative sites only; 
HeuMc (50 bootstrap replicates; each with 5 replicates of random taxon addition; TBR) 



- Ginkgo Maba ' 1  - GmUm ieyboAdi 

Bryopsida 

H epaticopsida 

Figure F Quartet pualing; Taxa set A 



Puzzle 

83 Physconritrelle petsns 2 

91 
C P h y s c o ~ a  pehns 

Funefi8 hygromebitx 
67 Pbysconibium pynfonns $C Blyum eqpnteurn 

70 Euhynchium tiens 
LeWbryum P- 

b Mnium homum 
M o c a m s  epsf is  
Anaiucems laeus 
~ c e m  e e n i ~ w s  
N0hphg8~ b d ~  
*cc~~&'B pnguid 

51 Abichum unddetum = wJp3gw-a q p t e  
Pdytnchum b m m  
Scapnie nemorne 

99 1 Sphegnum cusprd8tum 
S@epwrn pelusbe 

1w C 0 ~ 8  satiw 
99 zea mays 

C Ambidops theliene 
Sin@ dôe 

88 Glycine m a  
93 c Zem-a p"7a 

Ginkgo Moôa 
Gnetum lenbddï 

Figure G Quartet puzzling; Taxa set B 



Figure H Maximum likelihood; Taxa set A 
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Riccia nuitans 

Conocephaium conicum 

Selaginella vogelii 

Selaginella urnbmsa 

Figum D2.1SB Jin & Nei (Distance Ca/cuIation); Kimufa 2-p (Evolution Model), Gamma distance = 1 

50% Majiwity-Rule Boots&ap T m  



Magnoliophyta 

Zamia pumila 

Anthocerotopsida 

t-0-l Lycopodiopsida 
Pellia epiphylla 

Scapania nemorea 

I !- Fossombronia pusilla 

Calypogeia arguta 
Polytnchum hrrnosum 

Atrichum undulatum 

Bryopsida 

Sphagnum palustre 

Sphagnum cuspidatum 

1 521- Psiloturn nudum - Equisetum mbustum 

Pteris vittata 

Adiantum raddianum 

l Salvinia natans 

Hepaticapsida 

lsoetopsida 

Figum 02. ISB Jin d Nei (Distance Calculation); Kirnuta 2-p (Evolution Madel). Gamma distance = i 

50% hf8~OnfYa~/le 8 0 0 t ~ h p  Tr~û 



Taxus mahi 

Nageia nagi 
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Gnetum leyboldii 4-. Ginkgo biloba 

Zamia pumila 

Zee mays 

Oryza sativa ,- Glycine max 

Sinapis alba 

Arabidopsis thaliana 

Notophylas breutelu 
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Pellia epiphyila 

Scapda  nemorea 
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Sphagnum palustre 
Sphagnum cuspidaturn 
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r Lycopodium taxiblium 

Lycopodium phlegrnatïa ,- Equisetum mbustum 

Pteris vittata 

Adiantum raddianum 

L Psilotum nudum 

r = r  Selaginella vogelii 

Figura D2.2S Jin & Nei (Distance Calculstion); Kimura 2-p (Evolution M e l ) .  Gamma distance = 1 

Insertions b Deletions taken into sccount 
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Ginkgo biloba 

Zamia pumila 

Anthocerotopsida 

Pellia epiphylla 

Scapania nemorea - Fossombmnia pusilla 

,- Riccadia pinguis 

- Atrichum undulatum 

Hepaticopsida 

Sphagnum palustre 

Sphagnum wspidatum 

Equiseturn robustum 

Pteris viftata 

Adiantum raddianum 

lsoetopsida 

Figum 02.2s Jin 8 Nei (Distance Celwl8tion); Kimura 2 9  (Evalution Modei), Gamma distance = i 

Insertions & Oeletions taken into aeccount 



,-, Pinus luchuensis 

Taxus maimi 

Nageia nagi 

Ginkgo biloba 

Zamia pumila 
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Glycine max 

Sinapis aiba - Arabidopsis thaliana 

Notophylas breutelu 
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Anthocem agriestis 
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Scapania nemorea 
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Polytrichum formosum 
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M i u m  hornum 
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Lycopodium phlegrnaria 
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31 

Adjantum nddianum 

1- Sahinia natans 

Selaginella vogelii 

Sefaginella umbrosa 

Figum D22SB Jin 6 Nei (DStWJcs Calculation); Kimura 2-p (Evolution Model), Gamma distance = 1 

Insertions & DelMons taken into account 

50% Majority- Rule Bootstmp Ttue 



Ginkgo biloba 

lm Zarnia pumila 

Anthocerotopsida 

Pellia epiphylla 

Scapania nemorea 

Fossombmnia pusilla 

Riccardia pinguis 

Poiytnchum fbmosum 

Calypogeia arguta 

Aûichum unduiatum 

Hepatic opsida 

100 Sphagnurn palustre 
Sphagnum cuspidatum 

Bryopsida 

100 Lycopodiopsida 

Equisetum robustum 

Pteris vittata 

Adiantum raddianum 

SaMnia natans 

Psilotum nudum 

lsoetopsida 

1 

\ 

Figum D2.2SB Jin 6 Nei (Distance C~lcul~tion); Kimura 2-p (Evolution Madel), Gamma distance = 1 

Insertions & Delstlons teken into eccaunt 

50% Majontydule Bootstrap T m  



Pinus luchuensis 

Taxus maimi 

Zea mays 

Otyza saciva 

Sinapis alba 

Glycine max 

I I L hb idops i r  thaliana 

I b- Ginkgo biloba 

Adian tum raddianurn 

Sahnnia natans 

Psilotum nudurn E- 
L Equisetum robustum 

Notophyîas breutelu 
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Lycopodium phlegrnaria 

P Scapania nemorea 

Fossombronia pusilla 

Sphagnum palustre 

Sphagnum cuspidatum 
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Pdlia epiphy/la 
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Calypogeia aquta 

Polytrichum fmnosum 

AtnChurn undulatum 

Sphaerocarpos donnelli 
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Riccia fluitans 

Selaginella vogelii 

Cham loetida 

Figure EiS Transversions Only; Neighborjoining 
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lsoetopsida 

Figure El S Transversions Only: Neighborjoining 



Pinus luchuensis 

Taxus maimi , Negeie nagl 

Gnetum leyboldii 
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Zamia pumila 
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Adiantum raddian um 
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Psi7o(um nudum 

Lycopodium taxiiolium 

Lycopodium phlegrnafia 

_or Scapania nemoma 

Fassombronia pusilla 

Sphagnum palustre 

Sphagnum wspidatum 

Physcomitrela patens 

Funaria hygromeûica 

L Leptobryum pyrifone 

?ellia epiphylla 

Riccardia pinguis 

PolytriCnum formosum < Aîrichurn undulatum 

gd 1- Selaginella vogelii 

Selaginella umbmsa 

Figutu €1 SB Tmnsversions Only; Neighborjoining 

5U% Majonty-Rule Bodstmp Tree 
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'" 4 Lycopodiopsida 
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_or Scapania nemorea 
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Sphagnum palustre 

Sphagnum cuspidatum 
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Zamia pumila 
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Atrichum undulatum 
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Hepaticopsida 

lsoetopsida 

Figure Ef SB Trensvenions Only; Neighborjoining 

50% Majonty- Rule Bootstrap Trise 
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Nageia nagi 

Glycine max 

Sinapis alba 

Ginkgo biloba 

Zamia pumila 

Adian tum raddianum 

Sahiria natans 
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Notophylas brieutdu 

Megaceros aenigmaticus 

Anthoc~ros agrestis 

Lycopodium taxirolium 

Lycopodium phlegrnaria 

Sphagnurn palustre 

Sphagnum cuspidatum 

Physcomitrella patens 

Funaria hygrornetrica 

Mnium hornum 

Leptobryum pyrirome 

Pellia epiphyla 

Riccardia pinguis 

Calypogeia arguta 

Polflrichum fonnosum 

Atrichum undulaturn 

Sphaemrpos donnelli 

Conocephalum coniwm 

~iccia nuitans 

Marchsntia polymorpha 

Selaginella vogelii 

Selaginella umbmsa 

Figuru E2S Transversions On&; Insertions & Deletions taken into eccount 
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Ginkgo biloba 

Zamia pumila 

Adiantum raddianum 

Salvinia natans 

Psilotum nudurn 

Anthocerotopsida 

l l+ Lycopodiopsida 

Scapania nemorea 

Fossombronia pusilla 

Sphagnum palustm 

Sphagnurn cuspidatum 

Bryopsida 

Pellia epiphylla 

Riccardia pinguis 

Calypogeia arguta 

r Polytrichum fonnosum 

lsoetopsida 

Figum E2S Transvsrsians Only; Insertions & Osletions taken into account 
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Glyane max 

Sinapis alba 

Arabidopsis thdiana 

1 l-. Ginkgo biloba 

1 1-. Adiantum raddianum 

_or Scapania nemorea 

Fossombrania pusilla 

Sphagnum palustre 

Sphagnum cuspidatum 

PhyscomitrelIa patens 

Funaria hygromebica 

L Leptobryum pynfonne 

Pellia epiphylla 

Riccardia pinguis 

Polytrichum formosum < Atnchum undulatum 

Figura E2S8 Transversions Only; Insertions b Deletions taken into account 

50% Majority-RU Bootstrap Tree 
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lsoetopsida 

Figure EZSB Tmnsvenions On&,- insertions 6 Deletions taken Rto account 

5096 Majonty-Rule 8ootstrap T m  



Distance O. 1 
I t ,- Pinus luchuensis 

T a u s  maimi 

Nageia negi 

rl Gnetum leyboldii 

Ginkgo biloba 

Zamia pumila 

) Glycine max 
Sinapis elba 

Arabidopsis thaliana 

Scapania nemorea 

Fossombmnia pusilla 

Calypogeia arguta 
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[- Sphaemcarpos donnelli 

I Selaginella vogelii - Selaginella umbmsa 

Figurs F.1 S No Conadion; Neighbor joining 
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Pinophyta 

Ginkgo biloba 

Zamia purnila 

Riccardia pinguis 

Calypogeia arguta 
Polyttichum tbmosum 

Aûichum undulatum 

U Lycopodiopsida 

Sphagnum palustre 

Sphagnum cuspidaturn 

Psilotum nudum 

Equisetum mbusîum 

Pteris vittata 

Adiantum raddianum 

Hepaticopsida 

lsoetopsida 



Pinus luchuensis 

I Taxus maimi 
I Nageia nagi 

1 Gnstum Ieyboldii 

Ginkgo biloba 

Zamia pumila 

Zea mays 
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Glycine max 

Sinapis alba 

Arabidopsis thaliana 
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Riccardia pinguis 
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Sphagnum cuspidaîum 
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Selaginella vugelii 

Selaginella umbmsa 
I Cham îbetida 

Figum FIS8 No Conection; Neighborjoining 

50% Mdonty-Rule Bootstrap Tme 



Pinophyta 

Ginkgo biloba 

Z m i a  pumila 

Magnoliophyta 

Scapania nemorea 

Fussornbrvnia pusilla - H I i a  epiphylla 

Riccardia pinguis 

Caîypogeia arguta 

P o I ~ c h u m  formosum 

Atnchum undulatum 

100 Lycopodiopsida 

Bryopsida 

100 Sphagnum palustre 
Sphagnum wspidatum 

Psilotum nudum 

Equiseturn robustum 

Pteris vittata 

Adiantum raddianum 

Hepaticopsida 

lsoetopsida 

Figure F I  SB No Consction; Neighborjaining 

5û96 Majanty-Rule Bootstrap T m  
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Taxus maimi 
- Nageia nagi 

Gnetum leyboldii - 
Ginkgo biloba 

Zamia pumila 

Zea mays 

Oryza sativa 

Glycine m w  

Sinapis alba 

Arabidopsis thaliana 

Scapania nemorea 

Pellia epiphylla 

Megaceros aenigrnatiws 

Sphagnum palustm 

Sphagnum wspidatum 

,-, Physcomitrella patens 

Mnium homum 

Leptobryum pynlDme 

- Notophylas breutelu 

Lycopodium taxifolium 

Lycopodium phlegrnaria 

7 Psilotum nudum 

PC&S vittata 

Adiantum raddianum 

Selagin ella vagelii 
Selaginella urnbmoe 
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Pinus luchuensis 

Taxus maimi 

Nageia nagi 

Ginkgo biloba 

Zamia pumila 

Zea mays - Oryza sabiva 
Glycine max 

Sinapis alba - Arabidopsis thdiana 

Scapania nemorea 

Pellia epiphylla 

Fossombrunia pusilla 

Atrichum undulatum 

Polyttichum fannosum - Anthoc~ms agrestis 
91 

Notophylas breutelu 

Megaceros aenigmaticus 

Sphagnum palustre 

Sphagnum cuspidatum 

PhyscomitreIIa patens 

Funaria hygromettica 

,- Mnium homum 

Lycopodium taxifolium 

Lycopoclium phlegrnaria 

1 7 Psilotum nudum 

Ptms vittata 

Adiantum raddianum 

r-. Selaginella vogelii 

Selaginella umbrosa 

Figura F2SB No Coneclion; Insertions & Dsletions taken into account 

Sû96 Majonty-Rule Boot~împ T m  



h-, Ginkgo biloba 
I Zamia pumila 

Magnoliophyta 

Scapania nemorea 

Pellia epiphylla 

I - Fossombmnia pusilla 

11, RicCamia pinguis 
5o / %?- w y p g e .  dlgvte 

Aûichum undulatum 

Anthocerotopsida 

Sphagnum palustre 

Sphagnum wspidatum 

Hepatiwpsida 

1 ,- Psilohim nudum 

lsoetopsida 

Figum F2SB No Corniclion; Insertions L Deletions taken into account 

5096 Majonty-ûule Boatstrap T m  
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r anapis alba 
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Arabidopsis thaliana 

4 Sphagnum palustm 

Sphagnum cuspidatum 
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Zamia pumila L Ginkgo biloba 

Scapania nernorea 

Fossombmnia pusilla 

Pellia epiphyiia 

Selaginella umbmsa 
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Physmmitrella patens 

Funaria h ygrometrka 

Mnium homum 

% Psilotum nudum 

- Equiseturn robustum 

Sakinia natans 
Li 

1 Chara lbetida 

Figure GIS Van de Peer L De W8chtsr; Neighborjoining 

Pteris vittata 

Adiantum mddianum 



Distance 0.1 - 

I l  Magnoliop hyta 

Zamia pumila - L 
Ginkgo biloba 

Psilotum nudum 

Equisetum mbusturn 
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Saivinia natans 

Pten's vittata 

Adiantum raddianum 

Sphagnum palustre 

Sp hagnurn wspidatum 

Scapania nemorea 

Fossombronia pusilla 

Pe//ia epiphylla 

lsoetopsida 

11 Hepaticopsida 

Physcomitrella patens 

Funaria hygmmetrica 

Mnium homum 

Figum Gis Van de Peer 6 De Wachter: Neighborjoining 
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Zsa mays 

l L Ginkgo biloba 
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Sahnnia natans 

Sphagnum palustre 

-Sphagnum wspidatum 

Riccardia pinguis 
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Scapania nemorea 
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Fun- hygmmettica 

- Mnium homurn 
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Isoetopsida 

Physcomitrella patens 
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Texus m a h v i  

Nageia nagi 

Zsa mays 

Oryza s a m  

Glycine max 

Sinapis alba 

Arabidopsis tnaliana 

rl L Ginkgo biloba 

( - PsiIotum nudum 

Sphagnum palustre 

Sphagnum cuspidatum 

Fossornbronia pusilla 

Pellia epiphylla 

Anthocems agrestis 
Notophylas breutelu 

Megaceros aenigmaticus 

Selaginella vogelii 

Selaginella umbrosa 

Matchantia polymorpha 

Rima fluitans 

Conacephalum coniwm 

Physcomibella patens 

I Funaria hygrometh 

C mara mtida 

Figum G2S Van de Paer 6 De Wach(er; Insedions 6 Deletions teken into acnwnl 
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zamia pumira L Ginkgo biloba 

Psilotum nudum 

Equisetum mbustum 

Salvinia natans 

Pten's vittata 

Adiantum raddianurn 

4 Sphagnum palustte 

Sphagnum cuspidaium 
- Riccanjia pinguis 

,-, Calypogeia arguta 

Ir( Lycopodiopr ida 

Scapania nemorea 

Fossombronia pusilla 

Pellia epiphylla 

lsoetopsida 
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Hepaticopsida 

- 

- 

Leptobryum pynîbme 

1 Chara lbetida 

Figura G2S Van de Peer & Ds Wschter; Insertions & Deletions taken in& a m u n t  
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PhyscomitriPIIa patens 

Funaria hygmmetka 

- Mnium homum 



Pinus luchuensis 

Taxus meirsi 

Sinapis alba 

Arabidopsis thaliana 

Zamia pumile L Ginkgo biloba 

1 - Psilotum nudum 

Equisetum mbustum 

Saivinia natans 

Sphagnurn palustre 

Sphagnum cuspidatum 

Lywpodium taxjtblium 

Lycopodium phlegrnana 

Fossombronia pusilla 

Pellia epiphylla 

Anthoceros agrestis 

Megacems aenigmatiws 

la0 1 Selaginella vugeiii 
L Selaginella umbmsa 

Physc~mitrella patens 

Funaria hygmmetrica 

I L Mnium homum 

f 

Figure G2S8 Van de Peer & De Wechter; Insertions b Deletions taken into aaccount 



Magnoiiop hyta 

Zamia pumila L Ginkgo biloba 

4 Ptens vittata 

Adiantum raddianum 

Sphagnum palustre 
Sphagnurn cuspidatum 

Riccardia pinguis 

5s Calypogeia aquta 
Aûichum undulatum 

w Lycopodiopsida 

Scapania nemorea 

Fossombmnia pusilla 

Pellia epiphylla 

Anthocerotopsida 

lsoetopsida 

Mnium homum 

Cham foetida 

t, 
Figun, GZSB Van de Peer & De Wachter; insertions Deletions taken into aaccount 

5096 Majontydule Bootstrap T m  
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~ lyc ine  rnax 
Sinapis aîba 

Arebidupsis thdiane 

Zamia pumila 

Ophioglossum petiolaturn 
Salvinia natans 

Rens vittata 

Adiantum raddianurn 
Osmunda cinnamomes 
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~h~scomitreÏla patens 
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Anthoceros agrestis 
Anthocems laevis 

Notophyias breutelu 
Megaceros aenigmaticus 

Pellia epiphylla 
l' Scapania nernorea 

Fossombmnia pusilla 
Calypogeia arguta - Polytrichum îbrmosum 

Atnchum undulatum 
Riccardia pinguis 

Riccia fluitans 
Conocephalum conicum 

Marchantia polymorpha 
Reboulia hemisphaenm= 

Sphaemcarpus texanus 
Sphaemarpos donnelli 

~ l e b  sonnidiurn flaccidum 
Coleochaete scutata 
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Nitella sp. ! Nitella fïexilis 

I Panètochloris pseudoalveolaris 1 Hydrodiidyon reticulatum 
Chlamydomonas reinhardtii 

Schizosaccharomycsces pombe 
Saccharomyces cerevisiae 

Figure A l  Jukes & Cantor; Neighbor-joining 
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Pinophyta 

Magnollophyta 

Ginkgo biloba 
Zamia pumila 

Psilotum nudum 
Ophioglossum petiolalum 

Salvinia natans 
Pteris vittata 

Adiantum raddianum 
Osmunda cinnamomes 

Equisetum hyemale 

lsoetopsida 

Sphagnurn palustre 
Sphagnum wsp~datum 

1 Bryopsida 

4 Anthocerotopsida 

Pellia epiphylla 
Scapania nemorea 
Fossombronia pusilla 

Calypogeia arguta 
Polytrichum lomiosum 

Atrichum undulatum 
Riccardia pinguis 
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Klebsormidium flaccidum 
Coleochaete scutata 

Chlorophyta 

Figum A 7 Jukes & Cantor: Neighborjoining 
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Fossombronia pusilla 
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II 
Schizosaccharornyceces pombe 

Saccharomyces cerevisiae 

Figure A f 8 Jukes & Cantor; 50% Majonty-Rule 8ootstrap Tree 



Ginkgo biloba 
Zamia pumila 

a Psilotum nudum 
Ophioglossum petiolalum 

Salvinia natans 
Pteris vittata 

Adiantum raddianum 2 
Adianturn raddianum - Osmunda cinnamomes 
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lsoetopsida 
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Scapania nemorea 
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Riccardia pinguis 
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KIebsormidium flaccidum 
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Saccharomyces cerevisias 

Figure A 16 Jukes & Cantor; 50% Majonty-Rule Bootstrap Tree 
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Klebsonnidium flaccidum 
Coleochaete scutata 

Chara foetida 
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Pinus IuchuenUs 
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Nitella t'lexilis 

7 

I Parietochloris pseudoalveolan's 
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Figure 8 18 Tajime & Nd; 50% Majotity-Rule Bodstrap Tree 

tm 

- 
~ l e b  sormidium tlaccidum 
Coleochaete scutata 

Chara tbetida 
100 Nitella sp. 

L N M a  flexilis 
Parietochlons pseudoalveolaris 

Hydrodictyon retiwlatum 
Chlamydomonas rsinhardtii 

100 Schizosacchammyceces pombe 
Saccharomyces cerevisiae 



Plnophyta 

Ginkgo biloba 
Zamb oumila 

Psilotum nudum 
Ophioglossum petiolatum 

Salvinia natans 
Pteris vittata 

raddianum 2 
Adiantum raddianum 

Osmunda cinnamomes 

Equisetum hyemale 

lsoetopsida 

Lycopodiopsida 

100 Sphagnum palustre 
r h a g n u m  cuspidatum 

Anthocerotopsida 

Pe/lja epiphylla 
Scapania nemoma 
Fossombmnia pusilla 

Calypogeia arguta 
Polytrichum fonnosum 

Atrichum undulaturn 
Riccardia pinguis 

Hepaticopsida 

Klebsomidium flaccidum 
Coleochaete scutata 

Charales 

Schizosacchammyces pombe 
Seçdr(v0mycos cemvisiae 

Figum 8 18 Tejha & Nei; 50% Mejority-Rule Bootstrap Tme 



Distance 0.1 

I I Zsa mays 
1 - i O < M e S 8 ~ 8  

L 

~ i ~ c i n e  max 

C Sinapis alba 
Arabidopsis thaliana 

Psilotum nudum 
C Ophioglossum petiolaturn 

Salvinia natans 
Pterk vittata 

Adiantum raddianum 2 
l- Adiantum raddianum 

Osmunda cinnamomes 

Eauisetum hvemale 
Selaginella vogelii 

Selaginella urnbrosa 
lsoetes engelmannii - Lycopoâiurn taxifolium 

c ~ ~ c o p o d i u m  phlegrnana 
Lycopodium tristachyum 

Lycopodiella inundatum 
~phagnum palusCm ---+ Sphagnum cuspidatum 

Physmmitrella patens 
Physcomitrella patens 2 

Funaria hygmmettica 
Physcomitrium pynforme 

Mnium homum 
Leptobryum pyrifonne 

Eurh yn chium hians 
Bryum aqenteum 
Anthoceros agrestis 

Anthoceros laevis 
Notophylas breutelu 

Megaceros aenigmaticus 
Pellia epiphylla 

Scapania nemorea 
Fossombronia pusilla 

Calypogeia arguta 
Atnchum undulatum 

Polyûichum fotmosurn 
Riccardia pinguis 

Riccia nuitans 
Conocephalum coniwrn 

7 

Reboulia herni~phaen~ca 
Sphaerocarpus texanus 

Sphaerocarpos donnelli 
iüebsormidium flaccidum 

L--- Coleochaete sscutata 
r Chara foelida 

Nitella sp. 
Nitella tlexilis 

l Parietochlons pseudoalveolaris 
Hydrodictyon reticulatum 

Chlamydomonas reinhatWï 
i 

I Schizossccharomyces pombe 
Sacchammyces csmvisiae 
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Figure €2 Tmnsvemons Only; Neighborjoining 
Insertians L &letions taken tnto acmunt 
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Figunt €28 Transversions Only; Neighborjoining 
Insertions & Oeletions taksn into account 
50% M4ontydula Bootslmp Tme 
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Figum €28 Tmnsvmions Only; Neighbor joining 
lnsertlons & Deletions taken into eccount 
5u% M4onty-Rule Bootstrap Tme 
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Figum F2 No Consction; Neighborjoining 
InseRions & Oeletions taken into account 
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Figam F 2 No Corrsction; Neighborjoining 
Insertions 6 &letions takan into %cCount 
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Figuru F2B No Coneclion; Neighborjoining 
insertions & Deletions teken into account 
50% Maionty-Rule Bootstrap Tree 

L IW Orpa saüva 
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Figura F2B No Co-a7; Neighborjwning 
insertions & DeIobons taken into account 
50% Majotity-Rule Bootstrap Tme 
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Figure G l  Van de Peer & Ds W&ter; Neighborjoining 
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Figum G i  Van de POW d De Wachtsr; Neighbcr-joining 
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90 L ~ i t e ~ ~ a  tiexilis 
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Notophyias breutelu 
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51 - Polytnchum formosum 

Figum G78 Van de Peer L De Wachter; Neighborjorn~ng 
50% M4orfty-R~le 800t~bap T m  
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Calypogeia aquta 
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Hydrodicîyon rebkulatum 

Chlamydomonas minharbtii 
Coleochaete scutata 

Uhbsotmidium îlaccidum 
Saccharomyces cerevisiae 

@ C~chizosacchammyces pombe 



Magnoliophyta 

Ginkgo bilobe I Zamia pumila 
Psilotum nudum 

Ophioglossum pet~olatum 
Salvinia natans 

Adiantum raddianum 
Osmunda cinnamomes 
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rsPhagnum cuspidatum 

lsoetopsida 

Lycopodiopsida 
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Ricca nuitans 
Conocephalum mniwm 

Riccardia pinguis 
Pellia epiphylla 

Polytnchum tbnnosum 
Atnchum undulatum 
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Saccharomyces cemvisiae 
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~ z o s a c c h a m r n y c e s  pmbe  

Figure G1B Van de Peer 6 De Wachter; Neighbor-joining 
50% Majority-Rule Bootstrap Tree 
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1 Taxus maimi ?$- Nageia "agi 

Gnefum Isyboldii 
Zea mays fl 1 L orna saüva 

~ lyc ine  max 
Sinapis alba 

Arabidopsis thdiana 

Ophioglossum petjolatum 
Salvinia natans 

Pteris vittata 

Osmunda cinnamomea 

Equisetum hyemale 
Sphagnum palustre 

Sphagnum cuspidatum 

Physcomitrella patens 
Funaria hygmmetrîca 

Eufiynchium hians 

Sphaerocarpus texanus 

Conocephalum conicum 
- Riccarilia pinguis 
- Scapania nemorea 
Fossornbronia pusilla 

- Pellia epiphylla 
Polflëhum fonnosum 
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Calypogeia arguta 

Anthocems agrestis 
Anthoceros laevis 

Notophylas breutelu 

-----J+ 
Nitella sp. 
Nitella flexilis 

Figurs 62 Van de Pssr & 08 Wachter 
Insertions L Deletions taken into account 
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Magnoliophyta 

Sp haerocarpus texanus 

Reboulia hemisphaerica 
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Conocephaium canicum 
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Scapania nernoma 

- Fossambronia pusilla 
- Pellia epiphylla 

Polytrichum fomosum 
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Anthocerotopsida 
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I/ Chlorophyta 
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Kkbsomidium îlaccidum 
Saccharomyces ceravisias e 

- 

Figurs 62 Van de Peur L De Wschter 
Insertions 6 Deletions taken into account 

Ophioglossum petiolatum 
Saivinia natans 

Adiantum raddianum 
Osrnunda cinnamomes 
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Sphagnum palustre 

~ ~ ~ h a g n u m  cuspidaturn 
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faxus maimi 
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Salvinia natans 
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BO Sphaerocarpus texanus ---+ S~haemamos donnelli 
Reboulia hernisphaeka 

Marchantia polymorpha 
Riccia fluitans 

Conocephalum coniarm 
Ricxardia pinguis 

F igum G28 Van de Peef & Dd Wachter 
lnssttions L Deletions taken into account 
50% Majority-Rule Bootstrap Trea 

Pellia epiphylla 

Calypogeia arguta 

Anthoceros laevis 
Notophylas breutelu 

Megaceros aenigmaticus 
100 Nitela sp. 

90 L Niidla nexi~is 
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100 

Cham W d a  
Parietochloris p~8~dOalvd8n's - Hydrodiidyon mhl~~~lalurn 

Chlamyâomonas m i n h d i  
Coleochaete scutata 

KIebsomidium flaccidum 
Saccheromyws csrevfsiae 

t nT ~chizosacchamm~~ds pornbe 
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Zamia ~umi la  

Psilotum nudum - 
Ophiogiossum petiolaturn 

Salvinia natans 

Adiantum raddianurn 2 
Adiantum raddianum 
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Equisetum hyemale 
lm Sphagnurn palusbe 

Sphagnum cuspidaturn 

Isoetopsida 

Lycopodiopsida 

Reboulia hemisphaenca 
Marchantia polymorpha 

Rima fluitans 
Conocephalum coniwm 

Riccardia pinguis 
Scapania nernorea 
Fossombronia pusilla 

Anthocerotopsida 

Chlorophyta 

Coleochaele scutata 

Saccharomyces ceravisias 
67 

Figum 628 Van de Pber & Ds Wachter 
Insertions & ûeletions taken into account 
50% Mqoritydule Boolslnip Tme 



Ginkgo biloba 
Zamia pumila 

1 oo Zea mays 
t O0 Oryze sativa 

qm GIyune max . -- 
lm Sinapis alba 

Arabidopsis thaliana 
Psilotum nudum 

Ophioglossum petiolatum 
Salvinia natans 

Pteris vittata 
Adiantum raddianum 2 

Adiantum raddianum 
Osmunda cinnamomes 

EQuisetum hyemale 
100 Sphagnum palustri9 

Sphagnum anpidafum . - 
Selaginella vogelii 

58 Selaginella umbma 
lsoetes engelmannii 

1 w Lycopodium faxiiblium 
Lycopodiurn phlegrnafia 

Lycopodium ûistachyum 
Hupema lucidula 

Lycopodiella in undata 

Funaria hygmmefrïca 
Physmmitnum pynlbnne 

Mnium homum 
Leptobryum pyriforme 

Eurhynchium hians 
Bryum argenteum 

lm Anthocems agrestis 
Anthocems laevis 

98 Notophylas brautelu 1 Megacsros aenigmatiws 

Scapania nemorea 

. m i  Calypogeia arguta 
Abichum undulatum 

q. P o I ~ c h u m  îbrmosum 
Riccardia pinguis 

Riccia fluitans 
Conocephalum mnicum 

Marchantia polymorpha 
Reboulia hemisphaerica 

Sphaerocarpus texanus 
S~haerocamos donnelli 

I w  Klebsormidium flatxi'dum 

100 
Coleochaete scutata 

Chara Ibetida 
im Nitella sp. 

Nilella flexilis 
Parietochloris pseudoalv6olans 
Hydrodictyon ntfiwI~turn 

Chlamydomonas reinhardfiï 

Schizosacchmyws pombe 
Sacchmyces cenvisiae 

Figum H 75 No Comdion; Neighborjoining 
Insertions & Daletions taksn into account 
5096 Mejonty-Rule Bootstmp T m  
od)f C 8 t ~ o f l e s  0. 1. 2, 3. 4 



I h- Ginkgo biloba 
100 Z m i e  pumila 

Magnoliophyta 

Psilotum nudum 
Ophiogldssum petiolatum 

Salvinia natans 
Pteris vittata 

Adianturn raddianum 2 
Adiantum raddianurn 

Osmunda cinnamomes 

Equisetum hyemale 
100 ~phagnum palüstre 
1 Sphagnum unpidatum 

lsoetopsida 

Lycopodiopsida 

Anthocerotopsida 

Pellia epiphylla 
Scapania nernorea 

Calypogeia arguta 

Polytrichum fonnosum 

Hepaticopsida 

I I Klebsonidium flaccidum 
.- Coleochaete scutata 

Chlorophyta 

Figum H i 8  No Corrsdion; Neighborjaining 
Insertions 6 hleû.ons taken into account 
50% WOrity-R~le B00tstmp Tise 
Only Categofies O, 1, 2, 3, 4 



100 Pinus wallichiana 

Gneturn leyboldii 
a3 - Ginkgo biloba 
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lsoetes engelmannii 
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99 Sphaerocarpos donnelti 
84 Reboulia hemisphaeka 
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Riccia fluitans 

Marchantia polymorpha 
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Leptobryum pyrirorme 
Eurtrynchium hians 
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Fossombronia pusilla 
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Notophylas breutelu 
Megaceros aenigmaticus 

Lycopodiella inundata 
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Figure 18 

Overall strict consensus tree; Taxa set A 

The overall strict consensus tree represents absolute corroboration of clusters 
in the bwtstrap trees which were generated fiom ail tree construction methods. 
Dendrograms for taxa set A and B representing a strict overall consensus tree 
were constructed by visual inspection of al1 50% majority-de bwtstrap trees. 
Only clusters which are maintained strictly in the bootstrap trees fiom al1 
phylogenetic analyses are depicted. Any variation of taxa clustering among 
the phylogenetic approaches resulted in those affecteci taxa being displayed 
as polytomies. 
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Figure 19 

Overall strict consensus tree; Taxa set B 

The overall strict consensus tree represents absolute corroboration of clusters 
in the bootstrap trees which were generated from al1 tree consmiction rnethods. 
Dendrograms for taxa set A and B representing a strict overall consensus tree 
were constnicted by visual inspection of al1 50% majority-de bootstrap trees. 
OnIy clusters which are rnaintained strictly in the bootsh-ap trees from al1 
p hy logenetic analyses are depicted. Any variation of taxa clustering among 
the phy logenetic approaches resulted in those affected taxa being displayed 
as polytomies. 
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APPENDIX G : DCSE Alignment 

Alignment matrix using Dedicated Comparative Sequence Editor (DCSE) 
containing secondary structure information. 

The standard ambiguity codes are used to apply partial identity to unresolved 
nucleot ides. 

Code - 
Y 
R 
M 
K 
w 
S 
B 
D 
H 
v 
N 

Represented nucleotides 
Uo rC  
AorG 
Aor C 
U or G 
U orA 
CorG 
U, Cl or G 
U, A, or G 
U1 C, or A 
C, A, or G 
U, Cl 4 or G 

Additional Codes 
N :unidentified nucleotide, length of unidentified are probably known. 
O :unidentified nucleotide, length of unidentifid area unknown. In this 

case, the sym bol "O" is intercalated for the number of nucleotides from 
the most closely related species. 

- :denotes the presence of a gap at an alignment poslions 

Secondary Structure Symbols 
[ and 1 :beginning and end of one strand of a helk. 
A : symbolizes ][ , a new helix starting immediately after a previous 

one. 
{ and 1 : beginning and end of an intemal loop 
( and ; enclose a base forming part of a non-standard pair [any other 

pair other than G-Cl A-U, or G-U]. 
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o  c  O o [ o  O O O 010 O 010 O O 0-0 0 O O o!o[O O O ( c i o  O c O O O 0-0 O O 010 O O A  A  C A U O O A IG C 65 Ueqaceros  aen lqmAt rccs  
o O O o l o  O a o 010 O 010 O O 0 -0  O O O o i o i o  O O t o i o  O O O O O 0-0 O O 010 O A A  A  G A U  O A  A[G C 66 N o t o p h y l a s  b r t u t e l u  
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DCSE Alignment 

00 'O BO 90 i O 0  
. . .  - 1 - . - -  1 . . . . I . . . . I . . . . I . . . . I . . . . I . . . . t . . . . l . . . . l  
C I A I U  G  CIA U  G V C  U  A I A  G GIA U  A  A lG CIA  - - - - A  U  U  U  A  U  - A  C  - - A[G U l -  G  - A  A I A  C  UIG C  1 Saccharomyces cerevrsrae 
C I A I U  G  CIA  U G  U  C  U  A [ A  G  UIA  U  A  AIG C  A!- - - - A  U  U  U  U  G  U  A  C - - [ U  G  U t -  G  - A  A IA  C  UIC C  2 Schr:osaccharomyces pcmbe 
C I A I C  G  C l A  U  G U  G U  A [ A  G  U I A  C A  A IA  C I -  - - U C  U  U  U  U  G  U  - A C  U  - - [G U i -  G  - A  A I A  C  UIG C  3 Physcoatrtre l l~  patanr 
C I A I U  G  C l A  t. G  U  G  U  A [ A  C  UIA  U  A  A I A  C l -  - - A  C  U  U  U  U  G  U  - A  C  U  - - [ C  U t -  G  - A  A t h  C  UIG C  4 Anthoceros aqrcstrs  
C I A i U  G  CIA U  G U  G  ü A f A  G  V IA  U  A  A IA  C l -  - - U  G U  U  U  U  G  u - A c U  - - [ C  U I -  G - A  A IA  C  UIG C  5 Anthoceros lacvas 
C I A I U  G C I A  U  G U  G U  A I A  C  V IA  'J A  A I A  C l -  - - U C  U  U U  U  G 3 - A  C  U  - - {ü  U l -  G  - A A IA  C  UIG C  6 Pe l l ra  eplphyl la  
C I A I U  C CIA  U  G U  G  U  A I A  C  UIA  U A  AIA  C l -  - - - U  C U  U  U  G U  - A C  U  - - [ G U ( -  G  - A A I A  C  U I C  G 7 Rebaulrr hemlsphaerrca 2 
C I A I U  G  CIA  U G  U  G  U  A I A  G UIA  U  A  A I A  C I -  - - Ci C  U  U  U  C  G  u - A C  U  - - [ C  'J I -  G  - A  A I A  C  U I C  C 8 Rrccardra prnqurs 
C I A I U  C  CIA  U S U  G  U  A I A  G  U I A  U  A  A I A  C l -  - - U  C  U  U  U  U  G  U  - A  C  U  - - [ G  U t -  G  - A  A I A  C  U l G  C  9 Sphaerocarpor donnel l l  
0 1 0 ) c  a 010 O O O O O A [ A  G  UIA  U  A  A I A  C  A i -  - - - C  U  U  U  G U - A  C - -1U G  Ut -  G  - A  A IA  C  UIG C  :O Spkserocerpus texanus 
c l A i U  G  C;A U  G U  G  U  A I A  G  UIA  U  A A I R  C l -  - - U C  ü U  C U  Ci U  - A  C  U  - - [G U t -  G  - A A IA  C  UIG C  I l  Atrrchum unduhcum 
C I A I U  G  C;A U  G U  G  U  A I A  G  UIA  'J A A ) A  C I -  - - ü C  LI U  U  U  G 2 - A  C  U  - - ! G  üi- G  - A  A t k  C  U I C  C  12 Bryum arqen:eurn 
C  A  UIG)CIA  'J G  U  G U  A I A  G 7th U  A  A ) A  C l -  - - U C  3 U  U  U  C U  - A  C  U  - - [G U ( -  G  - A  A I A  C  UIG C  13 E~rhynchrum hrans 
C i A j Ü  G  GIA 'J G  U  G 'J A ( A  G  UIA  U  A  A I A  C I -  - - U  C  >J U  t U  C U  - A  C  Z1 - - [G  U1- G  - A  A l A  C U]G C  14 Funarra hygrornetrrca 
C ! A t ü  5 C:A U  ; U  G  3 A[A  G V IA  U  A  A l A  C I -  - - ü C  U  J U  U  C ü - A  C ü - - [G U l -  G  - A  R I A  C  'J]G C  LS Leptobryun pyrr:ome 
C l A I U  G  CIA  L' G U G  U  A i A  G  3 i A  C A  A I À  C I -  - - U C 'J Ci Ci Ç G U  - À C  U  - -!G C l -  G  - A  k I A  ; V1G C  :6 !4nrum hornum 
c l A t t  G  CIA  U  G  U  G  U A [ A  G UIA  U  A  A t A  C i -  - - - U  C  U ü ?T G U  - A  C  U  - -!G U t -  G - A  A I A  C  UIC C  :7 Physcomltrrum pyrlfozme 
C ( A I U  G  CIA  U  G  U  G U  A [A  G UtA  U  A  A IA  C I -  - - U C  C U  U  ü C U  - A  C  U - -:G U I -  G  - A  A)A C  UIG C  18 Polytrrchum Cormosuin 
C i A I U  G  C I A  U  C U  G  U  A I A  G  U I A  U  A  A l A  C l -  - - U C  U  U  U  U  G  U  - A  C C  - -[G U l -  C - A  A i A  C  U!G C  - 9  Sphrqhuni cuspldacum 
C t A I U  G C1A U  G U  G  U  A I R  C  ULA U  A  A I A  C i -  - - U C  U  3 U  L1 G U  - A  C  5 - - [G U l -  G  - A  A IA  C  UIG C 20 C~lyp0ge:d arquza 
C [ A ) ü  G CIA U t U  G L' A [ A  G  UIA  U A  A I A  C  A ] -  - = A  3 U  U  U  G U  - A  C  - - [ U  G U t -  A  - A  A IA  C  U)G C  21 Conocephalum ccnrcum 
C [ A i U  G  C l A  U  G U  G  U  A [ A  G  U ( A  U  A  A I A  C l -  - - U C  U  'J U  C G  U  - A  C  ü - - [G U I -  G  - A A I A  C  U J G  C  22 Fossombronla pusrl la  
C(A2U C CIA  U t  U G  U  A [ A  G  U i A  Y A A I A  C  A l -  - - C  U  U  U U  G U  - A C  - -[U G U I -  G  - A A I A C  U I C  C  23 Marchantta polyraorpha 
C l A l U  G  C I A  U  G  U  G  U  A [ A  G D I A  U  A  A I A  C  A I -  - * C  U  U  U  U  G  U  - A  C  - -[U 5 U1- G  - A  A I A  C  U I C  C  24  Rlccra f luxtans  
C ( A l U G C I A U G U G U A [ A G U I A U A A ) A C ] - - - U C U U U U G U - A C U - - [ G U f - G - A A 1 A C U l G C  25Scapan lanuaorea  
C I A I U  G CIA U  G  U  G  U  A I A  G  UIA 3 A  A I A  C I -  - - U C  G  U  U  U  G  U  - A  C  U  - -1G U l -  G - A  A l À  C  U1G C  26 E ~ l ~ e t u m  h y m l e  
C1A)U G  C I A  U  G U  G  U  A [ A  G U I A  C A  A l A  C l -  - - U C  G  U  U  U G U  - A C  U  - - [G U l -  G  - A A I A  C U IG C  27 E q ~ l ~ e t u m  :ObUStm 
o ( o ) o  O olo - O O O O o I A  G  U I A  U  A  AIG C I -  - U A  U  C  C  U  U  C U  - A C  U  - - [G U t -  C - A  A I A  C  U]G C  28  I s o e t e s  enqelnianr.rl 
o l o l o  O a10 - O O O O o [ o  O 010 o O A ) A  C l -  - - U A  U  C  U  U  C U  - A  C  U  - - [ G  U!- G  - A  A I A  C  U l G  C  29 Huperzra lucldüla  
o l o ) o  O o ] o  - O O O O o [ o  O 010 O G A I A  C I -  - - U A  ü C  U U  C O - A C  U  - - [ G U ( -  G - A A t A  C  UIG C 30  Lycopodlella rnundata 
C l A I U G C i A V G U G U A [ A G U I A U A A I A C l - - - U A U C U U C U - A C G - - [ G U l - G - A A I A C U I G C  3 1 L y ~ o p o d l ~ p h l e p m s r 1 d  
t f A I U  G  C I A  U  G  U  G  U  A  U[G t '<A  U  A  ALA C l -  - - U A  U C  ü U  C U - A  C  G  - - [G U l -  G  - A  A I A  C I U  G  C  32 Lycopadlum taxrfolrum 
O ( ~ I O ~ O ~ O - O O O O ~ [ ~ ~ ~ ~ ~ ~ ~ A ~ A C ~ - - - U A U C U U G U - A C U - - [ G U ~ - G - A A ~ A C U I G C  33Lycopodrumtr:st~chyum 
CLAIU G  C I A  il G  C  C  U  A [ A  G  U1A U  A  A i A  C l -  - - U  G  C  U  U  U  G U  - A C  U  - - [G U I -  G  - A  A I A  C UIG C 34 Se laq lne l l a  q a l l e o t t : ~  
C i A } U  C  C J A  U  G  U  C  U  R I A  G  U I A  U  A  A I A  C l -  - - C G  C  U  U  U  C U  - A C  U  - - [G U l -  G  - A  A I A  C  0 1 6  C  3 5  Selaqxnel ia  rp.  
C!A}U G  CIA  U C U  G  C  A [A  G  'JiA U  G  A I A  C I -  - - U A A  U U  C G A  - A C  U - - i G  U i -  G  - A  A IA  C UIG C  36 OryZa satLva 
C f h t U  G  C;A U  G  U G  C A [ A  G  U1A U  G A IA  C I -  - - U  A  A  U  U  C  G A  - A C  U  - - [G U l -  G  - A  A I A  C  U I G  C  37 Zea mays 
C ( A ) U  G  C]A  U  G  ü G  U  A [ A  G U I A  U  G  A l À  C  GI-  - - A  A  ü U  C  A G  - A  C  - - i U  G  U l -  G  - A  A I A  C  U I G  C  38 Arabrdopsrs t h d l x n a  
C i A i U  C C]A U  G  ü C U  ALA G  UIA  ü C A I A  C l -  - - U  A  A  U  U  C  A G  - A C  U  - - [ Z  U l -  G  - A  A I A  C  U I G  C  39 Clyclne MX 
C I A I U  G  CIA  U G  U  t U  A[A G 3 l A  U  G  A I A  C  G l -  - - A  A  U  U  C  A G - A C  - -iU G  U l -  G - A  A I A  C  U l G  C  40 Sinaprs a lba 
C ( A I U  G  C1A U  G  U  G  U  C [ A  G U I A  U  5 A l A  C  U1- - - A U  U  3 U  G G  - A C  - - [G G  U l -  C i  - A  A IA  C  U l G  C  41 2-a p-lla 
C ( A j U  G C l 6  3 G  U  C  U  A [ A  G UIA  U  G A I A  C  U1- - - A  G  U  U C  G  A  - A  C  - - IG G  UI -  G - A  A I A  C U j G  C  42 Gnetum lryboldri  
C l A I U  G  C I A  U  G  U  G  U  A [ A  G  U I A  U  G A I A  C l -  - - O C U  U  U  C À G - À C  U  - - [ G  U l -  G  - A  A IA  C U!G C  43 Glnkqo brloba 
C l A l U  G  C1A U  G U  C U  A [ A  G UIA ü G À l A  C  A l -  - - - U U U C A G - A C - - [ U G U l - G - A A I A C U l G C  4 4 ? r n u s l u c h u e n s l s  
c ( A I U  G C]A U  G  U  C  U  A [ A  G  U I A  U  G  A)A  C I -  - - U  A  A U  U  C A G  - A  C  U  - - [G U1- G - A  A I A  C  UIG C  4 5  Prnus ual lrchlana 
C ( A J U  C CIA U  G  U  C  U  A [ A  G  U ( A  U  G A I A  C:- - - U  A  3 U  'J C  G G  - A  C  U  - - [G UL- G - A  A I A  C  U]G C  46 Podoca-cpus nakalr. 
CIAIU C C1A U  G  U  C  ü A[A  G  ü l A  U  C A i A  C l -  - - U  A  U  3  3 C  A  G  - A  t 3 - -!G ü(- G  - A  A I A  C  ü I G  C  47 Taxus marre1 
C ( A ) U  G  CIA  U O U G U A[A G  U{A tr A  A i A  Cl- - - U  C U C  U  U  C U - A  C U  - - [G Uc- G  - A  A j A  C U!G C 4 0  Adl-tum raddranum 
C ( A } U G ~ ] A ' J C U G U A [ A G U ~ A U A A I A C ] - - - U C U U U ' J G ~ - A C U - - [ G C I - G - A A ~ A C U ! C C  49Adlantum:sdd:anum2 
C ( A I U  G C I A  U  G  U  G  U  A [ A  G  U [ A  ü A  AJA C l -  - - U  C  U  C  U  U  G 3 - A  C  ü - - [G U l -  G  - A  A I A  C  U l G  C  50 Ophloglos~Ltm pecro1a:um 
C(A!U G  C ) A  U  G  Ci G  U  A I A  G  Ü I A  L' A  A I A  C l -  - - U  C  U  C U  U  G 3 - A C  U  - - [G U I -  G - A  X I A  C UIG C  5 1  OSmUnda crnnmmea 
C ( A ) U  G C J A  U  G  U  G  U  A [ A  G  U ( A  U  A  A I A  C l -  - - U  C ü G U U A  U - A  C  U  - - [ C  U l -  G  - A  A l A  C  U]G C  52 Sa lv ln la  natans 
C ( A ) U G C ] A U G U G U A [ A C U I A U A A I G C A I - - - f C - U U G U - A C - - [ U C U l - G - A A ) A C U I G C  53Ps1 lo tumnudu8~2  
C ( A ) U  G C I A  C G  3 C  U  A [ A  G  UIG II û N A  C  A l -  - - - C C U  U  G  C  - A  C  - - i U  G  U l -  G - A  A ) A  C  ü ] G  C  54 O.ara Loetlda 
C [ A ) U  G C!A U  G  U  C  U  A [A  G U I A  U  A  A I A  C ( U ) G i -  - - A  U  C  U  A  U  - A  - - [C lU IG U I -  G - A  A I A  C  U I C  C 55 ColeochaeCe scutaca 
C I A I U  G  C:A U  G  U  C  U  A [ A  G  U I A  U  A  A I A  C l -  - - U  C  U  U  U  U  A U  - A C  U  - - { G  U l -  G  - A  A I A  C  U I G  C 56 Klebsormtdzum flaccxdum 
C i k l U  G C ] A  U  G  U C  C  A [ A  G  3 l G  U  A  A IC C(U1Gl- - U  U  U  U  U  A  C - A  - - [C fU lG U l -  G  - A  A I A  C  UIG C  57 N:Cella f l e x l i r s  
C I A I U  G C]A U  G U  C  N A I A  G  UIG U  k A!G C l U I G I -  - U  U  U  U U  A  C - A  - - [ C t U ) C  'JI- G  - A  A IA  C  U l G  C  58 H l t e l l a  Sp. 
CIAIU G C1A U  G  U  C  U  A I A  G  U I A  U  A  A i A  C(UIG1- - - C  - U  U  A  U  - A  - - [ C l U ) G  U l -  C - A  A IA  C U1G C 59 Chlamyriomanas rernhardcrl 
C I A I U  G  CIA  U  G U  C  U A[A G  UIA  U  A  A ) A  C lU lGJ-  - - C  - U  U  A  U  - A  - - I C ( U ) G  U l -  G  - A  A IA  C  'JIG C  60 Hydrodxryon retrculatum 
C I A I U  G  C]A U  G  U  C  U  A [ A  G  U I A  U A  A t A  CLUIGl- - - C  - U  U  A  U  - A - -!C(UIG U(- G  - A  A l A  C UIG C  61 P o ~ l e t ~ ~ h l ~ ? l ~  pseudoalveolarrs 
C I A I U  G  C l A  ü G  U  C  U  A [A  G  U I A  U  A  À ) A  U  V I -  - - - - C  U  U  G  U  - A  C - -[G A  3{- G  - A  A I A  C U l G  C  6; Dictyostelrum dlscordeum 
- - 5 - - - - - - - - - - - - - - 6 - - - - - - - - - - - - - - - - - - - - - - - - - - 6 * - - - - - - -  63 Helrx numberrnq 1 
C I A i U  G  CIA  U G  U  G  U  A[A G  C(A U  A  A I A  C l -  - - U  C  U  U  t' U G  U  - A  C U  - -CC U l -  G  - A  A I A  C  UIG C  64 P ter l s  vr t ta ta  
C I A I U  G  C I A  U G U  G  U  A [A  C  U(A U A  A I A  C I -  - - A  C U  U  U U  G  U  - A C U  - - [C  01- G  - A  A t A  C  U l G  C  € 5  Heqaceros a e n r ~ t r c u s  
C l A t U G C l A U G U G U A I A G U I A U A A I A C ~ - - - U C U U A U G U - A C U - - [ G - l A G - h A I A C U ] G A  66Notophy lasbrcute lu  
C t A ) U  G C l A  U  G U  G U  A f A  G U I A  U  A  A I A  C I -  - - U  C  U  U  U U  G  U - A  C  U  - - [ G  U l -  G  - A  A i A  C  U]G C 67 Physcomrtrella patcns 
C I A I U  G C I A U  6 U G  U  A [ A  G  V IA  U  A A I A  C I -  - - U  C  U  U  U  U  G  U  - A C  C  - - [ G  V I -  G  - A A I A  C  U]G C 68 Sphagnum palustre  





DCSE Alignment 

; 6 0  : 70 : B O  : 30 200  
_ . _ .  I . _ . . I . . . . I . . . . I . . . . I . . . . I . . _ . l _ . . . : . . . * , . . . . i  
A  C  U  A[C - A  U  G i G l U  A  U I A  A  C C  t -PU G  G!- U A A U  - U l C  U  A I C  A  G C  U  A I A  U  A  - C  A  U  GIC U  U  - 1 Saccharomyces cerevLsrae 
A  C  U  A [ C  - I U ) U  G i G l -  A  U I A  A  C  C  G  - I U  G  C i -  U  A A  U  - U [ C  U  A IG A  G  C  U  A t A  U I A I -  C  A I U I G I C  L' A - 2 Schizosacchrroniyces pombe 
G  C  U  A i C  - ( U ) C  G I G I -  A  U ( A  A  C  C  G  - lu  A  G;- U  A A  U  - U l C  U  A IG A  G  C  U  A I A  U I A l -  C  C I U I G I C  A  C  - 3 Physcomxtre??a pstens 
G C U A [ C - l U l C G l G I - A U ~ A A C C G - l ~ A G i - U A A U - U ~ C U A ~ G A G C U A I A U I A l - C G l U l G I C A A -  4Anthocerosoqrest1r 
C C  u A[C  -1UIC  C ( G I -  A U I A  A  C  C  G  - t U A  G!- U  A A U  - U[C U  A I G A G  C  U A I A  U(A1-  C  GIU lG ]C  A A  - 5 Anthoceros laev l s  
G ~ U A [ C - I U I C G I G I - A U I A A C C G - ~ ~ A ~ ~ - U A A U - U [ C U A ~ G A G C U A ~ A U ~ A ~ - C G ~ U ~ G ~ C A C -  6 P e l l t a t p r p h y l l a  
6  c A[C -1U1C G I G I -  A  U I A  A  C  C  G  - t U  A C I -  U A  A  U  - U[C U  A(G A  G  C  U  h I A  U I A I -  C G I U i G I C  A  C  - 7 Rebaulra hemxaphaerrca 2 
~ C U A ~ C - ~ U 1 C G l G 1 - A U I A A C C G - l U A ~ i - ~ ~ ~ ~ - U I C U A ~ G A G C U A l A U ~ A ) - C G l U l G I C A C -  ORiccardlaprnqurs 
~ ~ U A [ C - ~ U l C G l G l - A U I A A C C G - I U A G i - U A h U - U ~ C U A f G A G C U A ~ A U l A l - C G I U l G I C A C -  9Sphaerocarpasdorae?iz 
G c Zf A [C  - ( U I C  C l C i -  A  U ( A  A  C - G  - t U  A  G1- U  A  A  U  - ü [ C  U  A fG A  G  ; U  A ) A  U I A I -  C G(U lG]C  - A  - 10 Sphaerocarpua texanus 
G ~ ~ A [ C - ( U ) C C ( C I - A ~ I A A C C ~ - I U A G I - U A A ~ - ' J ~ C U A ( G A G C U A I A U ( A I - C G ( U I G ) C A C -  11AtrrchumuriaulsCum 
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1 Saccharamyces cerevrslae 
2 Schrzosaccharomyces poarbe 
3 Physcomltrella patens 
4 Anthoceros aqrertls 
5 Anthoceros lrevrs 
6 Pellla epxphylla 
7 Reboulza hemlsphaerrca 2 
8 Rxcardu pinguls 
9 Sphaerocarpos donne111 

10 Sphamrocarpus texanus 
11 Atrrdium undulatum 
12 Bryum arqenteura 
13 Eurhynchrum hsans 
14 kïmar:a hyprcmetrlca 
25 Leptobryum pyrzforme 
16 nnrum homum 
17 PhySCoMtrruÿi py?:fOme 
:8 Polytrlchum fonwsum 
:9 Sphagnum cuspul~tuin 
20 Calypoqera arqura 
21 Conoceph~lu~~ conxum 
22 Fossombronla pus~llè 
23 Marchantin palporpha 
24 Riceia flurtans 
25 Scapanla namrea 
26 Eqursctum hy-la 
27 Equxsetum robustum 
20 Iscates cnqehnnll 
29 Huperzla lucldula 
30 Lycopodrella rnund.fr 
31 Lycopadrum phlegmarta 
32 Lycopoditm~ caxrio1:uin 
33 Lycopadxum trrstachw 
34 Selaqlnelia qalleottrl 
35 Selaqrnelh sp. 
36 Oryza sac-va 
37 zca mAys 
38 Ilrabldopsls thallana 
39 Glyclne m ~ x  
40 Sinapis alba 
41 tAm1a pmlla 
42 Gnecrra ,cyboldrl 
43 Cinkqa brloba 
44 Plnus luct..uensrs 
45 Pinus wall~chlana 
46 Podocarpus nakarr 
47 Taxus malrer 
48 Adtant- raddrdnum 
49 Adzmtum raddlanum 2 
50 Ophioglossur~ petiolacum 
51 Osaunda ctnndmomea 
52 Salvrnla natans 
53  Psllotuu~ nu- 2 
54 Chara ioetlda 
55 Coleocfiaece scutats 
56 KlebsornucArnn flaccidum 
57 Nitella f1exrl:s 
50  Nrtella sp. 
59 Chlamydomonas rernhardtrl 
60 Hydrodictyon retlcu~atuin 
61 Parletcchlorrs pseudoalvcolaris 
62 Dictyostelxum dlscoldeum 
63 Hehx numbsrlnq 1 
64 Pterls vittata 
65 Uegaceros aenrqmatlcw 
66 Notophylas breuteiu 
67 Physcom1trella patcns 
68 Sphagnum palustre 
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1 Saccharomyces cerevrssae 
2 Schrzosaccharomyces pombe 
3 Physconrt re l la  pareru 
4 Anthoceros a q r e s t t s  
5 hnthoceros l aev r s  
6 P e l l r a  eprphylla 
7 Reboulia h-sphaerrca 2 
8 Rrcrardra prnguts 
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1 C  Sphaerocarpus ccxanus 
1 1  Atrlc?um undulatum 
12 Bryuni argenteuin 
13 Eurhyr.chrum hrans 
14 Ciurarxa hyqroatecrrca 
15 kptobryum pyrrforme 
16  Wuum hornum 
17 P h y s c m t r t u m  pyr t fome  
18 Polytrrchum foracsum 
19 Sphapntlm ~ t l s p l b t ~ m  
20 Calypogera arquca 
2 1  Conocephaluin coatcum 
22 Fossombronia p u s r l l a  
23 Xarchantta polyoorpha 
24 Rrccia flur:ans 
25  Scapanza nemorea 
26 Eqursecum hyemale 
27 Eqursecum robuscum 
20 I soe te s  enqelmannrt 
2 9  Huperzla lucidula  
30  Lycopodrella rnundata 
3 1  Lycopo~um phlegmarra 
32 Lycopodzwa taxrfolrum 
33 Lycopodtum trtscachyum 
34 Sc laqrne l l a  q a l l e c c r r i  
35 Se laqrnc l l a  sp .  
36 Oryza s a t l v a  
37 Zea mays 
38 Arabrdopsrs tha l l ana  
39  Glycxne max 
4 0  SrnapLs alba 
4 1  Z m a  pual la  
42 Gnecum Ieybaldrr  
43 Gtnkqo b ~ l o b a  
44 Prnus luchuenszs 
45 Prnus ua l l t ch rana  
46 Podocar;ius nakair 
47 Taxus m r r e r  
48 Adrantum raddranun 
4 9  Adrantua raddranum 2 
50 Ophsoqlossum petrola=um 
51 Osmunda cznnamomea 
52 Sa lv ln ta  natans 
53 Psrlotum nudum 2 
54 Chara foetrda 
55 Coleochaete scucaca 
56 K l c b s o ~ d r ~  f1acc:dum 
57 N i t c l l a  f l e x r l r s  
58 Nrte l l a  sp. 
59 Chlamydomanas r tznhacdt t  1 
60 Hyirodictyon retlculatunr 
61 P a r r e t o c h l o r ~ s  pseudoalvtalar ls  
62 Drctyostaltufn dascolde= 
63 Helix nunbcrtnq 1 
64 P t e r r s  v r t t a c a  
65 negaceros aenrgnratrcus 
66 Nocophyhs b reu te lu  
67 Physcont t re l la  pateas  
68 Sphaqnum pa lus t r e  
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61 Parietochloris pseudoa:vrolarls 
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63 Helfx numberlnq 1 
64 Pterrs vrttata 
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66 Hotophylas breufelu 
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68 Sphagrium palustre 
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A C C l -  - - - C U  A  U  - - -1G C  U I C I U  G I A  A  - U A  C  - A U  U  - A G - C A I U  G  GIA A  -1U A  A  C  G  - ( C l G  - -  - -. - - .. 

A G C I -  - - - C U A C - - - ~ G C U I C I U G I A A - U A C - A U U - A G - C A ~ U G G ~ G A - ~ U A G C G - C G  
A G C I -  - - - C U A  U  - - - 16  C  ü l C I U  G I A A  - U A  C  - A U  U - A G  - C A I U  G  G I A A  - [ U  A A  C G  - I U I G  

A G c j -  - - - C U A U - -  - [ G C U 1 C } U G l A A - U A C - A U U - A G - C A I U C G I A A - [ U A A C G - U t  
A G C I -  - - - C U  G  U  - - - [G  C  U I C I U  G I A  A  - U A  C  - A U  U  - A G  - C A I U  G  G IA  A  - [ U  A  A l C l C i -  U  - )  
A G C I -  - - -  C U G U -  - - [ G C U ( C ) U G l A A - U A C  - A U U - A G - C A I U C G I A A - [ U A A C G -  U G  
C G C ] - - - -  C  U A  U  - - - [ G  C  U I C I U  G I A A  - U A  C  - A U  U - A G  - C A I U  G  G I A A  - [ U  A A  C G  - ( U I G  
G G C 1 - - - - C U A U - - - I G C U t C I U G l A A - U A C - A U U - A G - C A ~ U G G I A A - l U A A C G - U G  - - -. - - - -  

G G ~ I - - - - ~ U A U - - - ~ C C U ~ C ~ U G I A A - U A C - A U U - A G - C A I U G G ~ A A - ~ U A A C G - C G  
G G C I -  - - - C U A U - - - [ G C U I C I U G l A A - U A C - A U U - A G - C A } U C G I A A - [ U A A C G - U ( U l  
G G  C l -  - - - C U  A  U  - - -1G C  U I C I U  G I A  A  - U A  C  - A U U  - A G - C A I U  G  GIA A  - [ U  A A  C  A  -1GIG 
G G C ~ - - - - C U A U - - - ~ G C U I C I U G ~ A A - U A C - A U U - A G - C A ~ U G G I A A - [ U A A C G - U G  
A G C I - - - - A A U U - - - [ G C U l C I U G l A A - U A C - A U U - A G - C A I U G G I A A - [ U A A C A - C l C I  
G G C I -  - - - U C  C U  - - - [G  C  O(C)U G I A A  - U A  C  - A U  V - A G  - C A l U  G G I A A  - [O A A  C  G - C i U l  
A G C I -  - -  - C A U  C  - - - I G C U I C ) U  G t G A -  U A C  - A U U - A G  - C A I U G G I G A - [ U A A C A  - U I C )  
A G C I -  - - - C A U C - -  - I G C U i C ) U G l G A - U A C - A U U - A G - C A I U G G I G A - [ U A A C A - U I C I  
A G C ] - - - - C U A C - - - [ G C U l C ~ U G ~ C A - U A C - A U U - A G - C A I U G G ] t A - i U A A C A - U ( C 1  
A G C I - -  - - C U A C -  - - [ G C U ( C I U G t U A - U A C - A U U - A G - C A I U G G I G A - { U A A C A - C ( C )  
A G C I -  - - - C U  A C  - - - f G  C  U l C l U  G l u  A  - U A C  - A U U - A G  - C A I U  G  GlG A  - [U A  A  C  A  - U(C)  
A G C 1 - - - - U U A U - - - I G C U l C ) U G l A A - U A C - A U U - A G - C A I U G G I A A - [ U A A C G 1 - G U I  
A G C I -  - - - C U A U -  - - [ G C U I C I U G i A A - U A C - A U U - A G - C A ) U G G ] A A - [ U A A C G - C G  
A  G  C l -  - - - C U A C - - - [ G C U I C I U G I A A - U A C - A U U - A G - C A ~ U G G ~ A A - [ U A A C G - C G  
A G C I -  - - - C U A  C  - - - [ G  C  U1C)U G i A A  - U A C  - A U  U  - A G  - C A I U  G  G I A A  - [ V  A A  C G - ( C l 6  
A G C I -  - - - U U A U - - - [ G C U ( C I U C ~ A A - U A C - A U U - A G - C A I U G G I A A - ( U A A C G - U G (  
A G  Cl- - - - C U A C  - - -1G C  U I C i U  C ( A A  - U A  C  - A U  U  - A C  - C A)U  G  G I A A  - [ I S A A C  C - ( U ) G  
7 -  - -. 
A G CI -  - - - c u i c - - -16 c uiciu GIA A - u A c - A u u - a G - c AIU G GIA A -iu A A c G - ~ I G  
A C C I -  - - - C U A U - - - I G C U I C I U ! - A A - U A C - A U U - A G - C A i U G G l A A - [ U A A C G - C G  
A G C I -  - - - C U A U - - - ~ G C U I C ~ U G l A A - U A C - A U U - A G - C A I U G G ] A A - [ U A A C G - C G  
A G Cl- - - - C U A C  - - - ( G  C U l N l O  G I A  A  - U A  C  - G U  U  - A G - C A)U G  GIA A  - ( U  A  A C  G(-  A  N) .- - -. - - .- - 

A G C I -  - - - C U A U - - - Ï G C U ~ C ~ U G I A A - U A C - A U U - A G - C A I U G G ] A A - ( U A A C G - U G  
A C C I -  - - - C U G U  - - -1G C  U I C I U  G I A  A  - C A C  - A U  U  - A G - C A I U  G  GIA A - [ U  A  A C  G  - I U I G  
A G C 1 -  - - - C U G U - - - [ C C U l C I U G I A A - U A C - G U U - A G - C A ) U G G I A A - [ U A A C G - U G  
6  G  ci -  - - - C U G  U  - - - [ G  C U I C I U  G I A A  - C A U  - A U  U  - A G  - C AIU(G1G A A I - [ U A A C  G -1C)G 
s G c i -  - - - A  U A G  - - - t ~  c UICIU G I A A  - U A  c - A U  u - A G  - c A)U(G)G  A A I - I U A A  C A  - u i u ~  - - -. - -  - - -  - 
G C C I - - - -  c u A c - - - i ~  c u i c j u  G I A A  - u A c - A U  u - A G  - c A ~ U I G I G  A A ~ - i u  A A  c G - u G 
C G C J -  - - -  C C  A  C  - - - [G  C  U1C)U G I A  A  - U A C  - A U  U  - A G - C A)U(GlG A  A I - [ U  A  A  C  G  - C G 
G G C l - - - -  C  C  A  C  - - - f G  C  U I C I U  G I A A  - U A  C  - A U  U  - A G - C A IU IG IG  A A ) - [U  A  A  C  G - C G 
e c cl- - - - C U A C  - - -1G C  U I C I U  G I A A  - U A  C  - A U  U  - A G  - C AIUIGIG A  A I - I U  A  A  C  A l -  C)G - - -. . . 

G G C j -  - - - A  U  A  C  - - - i G  C  C ( C I U  G I A  A  - U A  C  - U U U  - A G - C AIUIGIG A  ~ 1 - i ~  A A  C A-- IC IG 
C G C ] -  - - - C U A  C  - - - [G  C U ( C I U  G L A A  - U A  C  - A U  U  - A G  - C A IU IG IG  A A j - [ U  A A  C  A  - ( C I G  
G  G  C C I -  - - - U C  U  - - [ C G  C C  - U G I A U  - C U  U  U  U G  C - A G  - C AIUiGIG(U1AI- [U G A  U  C l -  A A  

I Saccharoinyces cerevrszae 
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U  C  A  U I A l U  U  G  G  - U G G  G f C  G  AIG A GIG U  G  - A A  A [ U  U C IG  U  U  G  A  C I C  C  U  A  U  C  A  A I G I A  U  G  A  A l  
- - - - - - - - - - - - - 2 5 - - - - - - - - - - - - - - - - - - - - -  25'  - - - - - - - - - - - - - 
U C  G  ULAIU U  U  C - A ULUlG lU  C)A G  A  GIG U  G  - A A  A[U  U  C U I U  G  G  A  U I U I U I A  U G A  A  A I G I A  C G A  A I  
U  C  G  U I A I U  U  U  C - A U(U IG1U C IA  G  A  GIG U  G  - A A  A [ U  U  C  U I U  G  G  A  U I U I U I A  U G  A  A  A I G I A  C  G  A  A! 
U  C G U ( A I U  U  U  C  G  A  U I U I G I U  C IA  G  A  GIG U  G  - A A  A t U  U  C U i U  G  G  A UIUCUIA U  G  A  A  A I G I A  C  G  A  A I  
U  c G U t A I U  U  U  C - A U l U l G l U  C IA  G  A  GIG U G - A A  A ~ U  U  C  U I U  G  G  A  U I U I U I A  U  G  A  A  A I G I A  C  C A  AI 
U  C  G  ü ( A I U  U U  C - I A l U i U I G l U  C I A  G  A  GlG U  G  - A A  A[U U  C  U ( U  G  G  A U I U i U I A l C I G  A  A  A IG IA  C  G  A  A I  68 

Sacdiaromyces cerevrs lar  
Schlzosaccharoinyces pombe 
Phys-itrrlla pacens 
Anthoceros aqresc l s  
hnthoceros lacvrs  
Pe l l i a  eprphylla 
Reboulla hanrsphaerzca 2 
Rlccardla plnpurs 
Sphaerocarpos donnell?.  
Sphaeracarpus texan- 
Atrrchum undulatuni 
Bryum arqcnccum 
Eurhynchrum hrans 
Funarra hygrometrsca 
Lepcobryum pyrxforme 
Mlum hornum 
Physcoiarcrxum pyrzlo-cnie 
Polytrrchum formasuan 
Sphapnm cusp ld~ tum 
Calypoqeia arputa 
Conocephalum conreum 
Fossombronla pusr l l a  
Marchantla polymorphi 
Rlccla f lurtans 
Seapanla ncmoraa 
Equlsetum h y e m l e  
Equisetum robrucum 
Isaeres e n q e h a m l r  
Hupersra lucrdula 
Lycopodielli rnundatn 
tycopodlum phlegnar l a  
Lycopodium taxifolrum 
tycopod~uin trlstachyum 
Selaqlnel la  g a l l e o t t r l  
Se laglnel la  sp .  
Oryza saclva 
Zea mays 
Arabrdopsls tha l  rana 
Glyczne max 
Sinapls alba 
Z a ~ a  p w l a  
Gnetuxu l e y b o l d l ~  
Ginkgo biloba 
Pi nus luchuens L a 
Pinus ual l ichrans  
Podocarpus naka11 
?axus niartel 
Adlantrmi raddlanun 
Adrantum raddlanum 2 
Oph~oglossum petrolatum 
Osmunda crnnummea 
Salvrnra natans 
Psilotum nudaun 2 
Chara foe t id .  
Coleochaete scucata  
Kleùsormldzum f laccldum 
Ni t e l i a  Z l ex l l s s  
Nzte l la  rp. 
thilinydomonas rernhardtl:. 
Hydrodrctyon rerlculatuxu 
Par~e toch lor l s  pseudoalveolarls 
Dlccyostelrum drscordeuni 
Hellx numberrnq 1 
Pter ls  vxttata  
Ueqaceros aenlqznatinis 
Notophylss breurelu 
Physcomcrella pacens 
Sphaqnum palustre  



DCSE Alignment 

il60 1170 :le0 1190 :ZOO 
. . . .  I . . . . I  . . . .  1 .  . . .  l . . . . l . . . . l . . . . l . . . . I . . . . I . . . . f  

1C A C i u  G CiG A  A  AIG C A I U  U I U  G C CIA  A  G G A  -1C G U U U U f C  A I U  U A  A'U C A  AIG A)A  C G A I A  A[  1 Saccharomyces c e r e v l s l a e  
I C  U A  C I U  G CIG A  A  AIC C A I U  U I U  G C CIA  A G  G A -1U G U U U U(C A IU U A  A"U C A  AIG A I A  C G A I A  A[  2  Sch tzosacc iu rooyces  pambc 
1C U U C I U  G CIG A  A  AIC C A I U  U I U  G C CIA  A G  G A - lu  G U U U U t C  Al[: U  A  A'U C A  AIG A I A  C G A I A  A[  3 P h y s c o o i r r e l l a  patmns 
1C U U C I U  G CIG A  A  AIG C A I U  ULU G C CIA  A  G G A  - lu  G U U U U(C A IU U A  A-U C A  AIG A I A  C G A I A  A I  4 An thoceros  a p r e s t r s  
I C  U U C I U  C CIC A  A  AIG C A I U  U I U  G C C l A  A  G G A  - lu G U U U UtC A IU U A A-U C A  AIG A I A  C G A I A  A I  5 An thoceros  l a e v l s  
I C  U U C[U û CIG A A  AIC C A I U  U I U  G C CIA  A  G G A  - l U  G U U U U(C A IU U A  A'U C A  AtC A l A  C G A l A  A I  6  P e l l l a  e p i p h y l l a  
I C  U U C [ U  G CIG A  A  AIG C A I U  U f U  G C CIA  A G  G A - l U  G U  U U U(C A IU U A  A-U C A  AIG A I A  C G A I A  A I  7  R t b ~ u l l a  hemlsphaer l ca  2 
I C  U U C[U G ClG A  A  AIG C A I U  U[U G C CIA  A  G G A  - IU  G U U U U(C À IU U A  A-U C A  A l G  A I A  C G A I A  A(  8  R l c c a r d l a  p i n p u l s  
I C  U U C I U  G CIG A  A  AIG C A I U  U I U  G C CIA  A  G G A  - l U  G U U U UIC A IU U A  A-U C A  AIG A IA  C G A I A  A I  9 Sphaerocarpos donne111 
I C  U U C I U  G CIG A  A  AIG C A I U  U I U  G C C I -  A G  G A - l U  G U U C UIC AIU U A  A'U(G)A AIG A I A  C G A I A  A I  10 Sphaerocarpus texanus 
I C  U U C I U  G C l 6  A  A  AIG C A I U  U I U  G C CIA  A G  G A - l U  G U U U UIC A IU U A  A-U C A  AIG A I A  C G A I A  A I  Il A t r l c h u i n  undu la tum 
I C  U U C!U C CIG A  A  AIG C A I U  U ( U  G C CtA A C  G A -1U C U U U U(C A i U  U A  A'U C A  AIG A I A  C G A I A  A I  12 Bryum a r p e n t c m  
I C  U U C I U  G CIG A  A  AIG C A I U  U I U  G C CIA  A C  G A - l U  G U U U UtC A tU U A  AAU C A  AIG A i A  C G A I A  A i  13 Eurhynchlum h l a n s  
I C  C U C [ U  G CIG A  A  AIG C A I U  U [ U  C C CIA A  G G A  -!U G U U U U(C A IU U A  A-U C A  AIG A I A  C C A I A  A; 1 4  l i u i a r l a  hyqromet rzca  
I C  U U C [ U  G ClG k A AIG C A I U  t ' IU  G C CtA  A G  G A - l U  G U U U U(C A IU U A  A'U C A AlG A t A  C G A J A  A I  15 Lcp tobryum p y r l f o m e  
jC  3 U C I U  G CIG A  A  A i t  C  AIL' ü [ U  G C C!A A  G G k -1U G ü U U U f C  G l u  U  A  AnU C A  AIG A I A  C G A ] A A [  16 I¶r~lum hornum 
I C  U U C I U  G CIG A A AIG C A I U  U I U  G C CIA  A  G G A  - tU G U U U UIC A)U U A  A-U C A  AIG A I A  C C A I A  A I  17 Phyrcomr t r lum p y r l f c r i n e  
I C  U U C I U  G CIG A  A  AIG C A I U  U I U  G C CIA  k G G A - l U  G U U U U(C A IU U A  A-U C A  AIG A I A  C C A I A  A I  18 P o l y t r l c h r m i  formosum 
I C  U U C I U  G CIG A A  AlG C A!U U!U G C CIA  A  G G A  - I U  G U U U UfC A)U U A  AAU C A  AIG A I A  C G A I A A l  19 S~haUnum c u ~ ~ 1 d A t U E  
i c  u u c iu G UIG A A Ï G  c AIU uiu G c  ci^ A c G A - iu G ü ü u uic A ~ U  u A A-u c A AIG AIA c G RIA ~i 20 cà lypopera  .kWta 
I C  U U C[U G CIG A  A  AIG C A i U  U [ U  G C CIA  A  G G A  - IV  G U U U U(C A IU U A  AAU C A  AIG A I A  C G A I A A I  21 Conocephr lum conlcum 
I C  U U C i U  G CIG A  A  A IC C A I U  U i U  G C CIA  A  G G A -1U G U U U U(C A IU U A  A'U C A  AIG A I A  C G A l A  A[  22 Fossombronta p r u l l l a  
I C  U U C t U  G CIG A  A  AIG C A I U  U i U  G C CIA  A  G G A  - lu G U U U UtC A)U U A A-U C A  AIG A I A  C G A I A  A l  23 H a r d i a n t ~ a  p o l m r p h a  
I C  U U C I U  G CIG A  A  AIG C A I U  UCU G C CIA  A  G G A  - I U  G U U U UIC AIU U A A'U C A  AtG A I A  C G A I A  A I  24 R l c c l a  f l u t t a n s  
jc u u c iu c C ~ G  A A AIG c A ~ U  üiu G c CIA A G G A - iü G ü u ü U(C A ~ U  u A A-u c A AIG AIA c G AIA ~i 25 Scapanra n-rea 
I C  U A  C [ U  G CIC A  A  AIG C A I U  U I U  G C CIA  A  G G A  - ) U  G U U C UtC A)U U A A-U C A  AIG A I A  C G A I A  A I  26 Equ ise tum hyemale 
1C U A  C [ U  G C1G A A  AIG C A I U  U [ U  G C CIA  A  G G A  -1U G u u U UIC A IU U A  A-U C A  AIG A i A  C G A I A  A[ 27 E q u l s e t m  r o b u s t u n  
I C  U A  C [ U  G CIG A A  A[G C A I U  U i U  G C CIA  A  C G A - t u  G U(UIU UtC A I U  U A  A-U C A  A l G  A I A  C G A I A  A[  28 ~ s o e t e s  e n q e h n n r l  
I C  U A  C I U  G CIG A  A  A l G  C A I U  U i U  G C CIA  A  G G A  -1U G U U U UIC A)U U A  A'U C A  AIG k l A  C G A I A  A l  29 H u u c r z l a  l u c l d u l a  
i c  U A  C ~ U  G CIG A  A  A Ï G  C  A ~ U  U[U G C CIA  A  G G A  - t u  C  U U U U I C  A)U U A  A-U C A  AIG A I A  C G A ~ A  A[ 36 t y i o p o d t e l l a  rnun&ta  
I C  U A  C i U  G CIG A  A  AIG C A I U  U i U  G C CIA  A  G G A  - l U  G U U U UIC A)U U A  A'U C A  AIG A I A  C G A ] A  A[  31 Lycopodium p h l e q m a r l a  
I C  U A  C I U  C CIG A  A  AIG C A I U  U[U G C CIA  A  G G A -1C G U U U UIC A I U  U A  A-U C A  AIG A I A  C G A I A A [  32 Lycopodlum t a x l f o l r u m  
I C  U A  C [ U  G ClG A  A  AlG C A I U  U I U  G C CIA  A  G G A  - i U  G U U U UIC A I U  U A  A-U C A  AIG A I A  C C A I A A I  33 ~ycopodx i rm t r r s t a c h y u m  
1C U A  C I U  C CIG A  A  AIG C A I U  U I U  G C CIA A  G G A  - tU  G U U U U I C  A I U  U A  A-C C A  AIG A I A  C G A I A A i  34 S e l a a l n e l l a  u a l l e o t t ~ l  
IC U  A  C ~ U  G CIG A A A ~ G  C A ~ U  UIU G C CtA  A  G G A  - t u  G U U U UIC A I U  U A  A-U C A  AIG A I A  C G AIA A[  35 ~ c l a ~ i n e l l a  ;p. 
I C  A  A  C i U  G CIG A A  AIG C A I U  U[U G C CIA  A  G G A  - )U  G U U U U l C  A)U U A A-U C A  AIG A I A  C G A I A  A[  36 Oryza  s a t a v a  
I C  A  A  C I U  G CIG A  A  AIG C A I U  U I U  G C CtA  A  G G A  - t u  G U U U UIC Abu U A A'U C A  AIG A I R  C G A I A  A[  37 Zea mays 
I C  A  A  C I U  G CIG A  A  AIG C A I U  U[U G C CIA  A  G G A  - tU  C U U U U l C  A)U U A  A"U C A  AIG A I A  C G A I A  A I  38 A r a b l d o p s r s  t h a i l a n a  
I C  A  A  C(U G ClG A  A  AIG C A I U  U i U  G C CtA  A  G G A  -1U C U U U UIC A IU U A  AAU C A  AIG A I A  C G A I A A [  39 G l y c l n e  m u  
It A A C I U  G C;G A d  AIG C A I U  U[U G C CIA  A  G G A  -!U G U U U U I C  A i U  U A  A-U C A  A l 6  GIA  C G A I A A f  40 S i n a p i s  a l b a  
JC C A  C I U  C CIG A A  AIG C A l U  U I U  G C CIA  A  G G A - l U  G U U U U I C  A I U  U A  A-U C A AIG A IR C G h I A A [  41 2-a pumzla 
I C  U A  C I U  G CIG A A  A[G C A10 UIU U C CIA A  G G A  - UIG U U U U I C  A I U  U A  A-U C A  AtG A I A  C G A I A A I  42 Gnecum l e y b a l d x l  
1C C A  C I U  G CIG A  A  AIG C A I U  UtU C C CIA  A  G G A  -)U G U U U U I C  A t U  U A  A-U C A  AIG A I A  C G A I A  A[ 43 G inkqo  b l l o b a  
IC C A C[U G CIC A  A  AIG C AJU U[U G C CIA A  G G A  - UlG U U U U I C  A I U  U A  A-U C A  AIG A I A  C G A1A A[ 44 P l n u s  l u c h u e n s l s  
I C C A C I U G C I G A A A i G C A ~ U U [ U G C C I A A G G A - U I G U U U ü ( C A I U U ~ A l A ~ U C A A l G A I A C G A ] A A [  4 5 P i n u s w a l l l c h r a n a  
I C  C A  C I U  G ClG A  A  A[G C A I U  UIU G C CIA  A  G G A  - U)G U U U U I C  A I U  U A  A-U C A  AIG A I A  C G A I A  A[ 46 Podncarpus naka11 
I C  C A  C I U  G C l t  A  A h I C  C A1U U[U G C CIA A G  G A - UIG U U U U I C  A I U  U A  A'U C A  AIG A I A  C G A I A  A[ 47 Tkxus m a l r e r  
1C U A  C:U G CIG A  A  A iC  C A I U  U[U G C CtA  A  G G A - t U  G U U U U I C  A IU U A I - [ U  C A  AIG AIR C G A I A  A l  48 Ad lan tum raddlanrm, 
1C U A CLU C CIG A A A[G C A I U  U[U G C CIA  A  S G A - )U  G U U U U I C  A I U  U A  A-U C A A I G  A I A  C G A I A  A i  4 9  M l a n c u m  radc i -anm 2 
I C  U A  C!UtG)CIG A  A  AIG - A IU U i U  C C CtA A G  G A  - )U  G U U U UIC A IU U A  A'U C A  AtG A I A  C G A I A  At  50 ~ h i o a l o s s ~  ~ e c s c l a c u m  
~ C U ~ C [ U G C ~ G A A A ~ G C A ] U U ~ U G C C I A A G G A - ) U G U U U U I C A I U U A A ~ U C A A I G A I A C G A ] A A [  5 1 0 s a u n d a c t n n & o m e a  
]C U A C(U G C)G h A A[G C A j ü  UIL! G  C C lA  A G  G A - )U  G U U U UIC A IU U A  A'U C A  AIG A I A  C G A I A  A[ 52 S a l v l n l a  na tans  
]C u A C ( U  G CIG A  A  AIG C A IU U l ü  G C C lA  A  G G A  - I U  G U U U U l C  A I U  U A  A-U C A A I G  A I A  C G A I A  A I  53 F s r l o t u .  audurn 2 
I C  U U C[U C C]G A  A  A lG C A I U  UIU G C CIA A  G G A  -)C G U(UIC L' C A U U A  A-U C A  AIG A I A  C G A I A  A[ 54 C h a r i  f o e t r d a  
1 C U U C I U G C I G A A A I G C A I U U [ U G C C l A A G G A - l L ' G U U U U ( C l A U U A A ~ U C A A I G A I A C G A I A A i  5 5 C o l e o c h a t t e s c u t a t a  
IC U U CfU G CIG A  A  A ~ G  C A IU U l U  A  U C lA  A  G G A  - t U  G U U U U I C I A  U U A  A-U C A ALG A I A  C G A ~ A  A I  56 Klebso-di -  f l a c c l d m  
I C  U U CIO G CIG A  A  A[G C A I U  UIU G C C lA  A G G A -1U G U U U U K : A  U U(A1A-U C A  A lG A I A  C G A I A  A[ 57 N i t e l l a  F l e x l l l s  
1C U U CIU G C1G A A  AIC C A I C  UIU G C CIA A  G G A  - t U  G U U U U i C l A  U ü i A I A - U  C A  AIG RIA  C G A I A  A[ 58 N r t e l l a  sp. 
I C  A  U CLU G CIG A  A  A iG C AJU U[U G C CIA A  G G A  - t U  A  C U U U I C  A I U  U G A-U C A  AtG A I A  C G A I A  A[ 59 Chlamydomanas r e a n h a r d t l l  
I C  U  A  C I U  G ClG A  A  A[G C A l 3  u ( U  G C C l A  A G  G A -)U C U U U U t C  A I U  U A A'U C A A I G  A I A  C G A I A  A I  60 H y d r o d r c t y a n  r e t s c u l a t u m  
1C U A  C I U  G CIG A  A  AIG C A I U  UIU G C C i A  A  G G A  - I U  G U U U U I C  A I U  U A A-U C A AIG A I A  C C A I A  A I  61 P a r i e t o d i l o r ~ s  p s e u d o a i v e o l a r 1 s  
I C U U C I U G C I G A A A I G ~ A I ~ U I C A C C t A A A U A - l C l ~ ~ U C C C ( C l A U U A A ~ U C A A ( G ~ I A C G A I A A [  62 D ~ c t y o s t e l r m d i s c o l d e u i n  - - - - -  26- - - - - 26 - - - - - - - - - - - - - 2 4  - - - - - - - - - - - - - -  23 - - - - - -  63 H e l r x  nunrberang 1 
I C  U A  CIUIGICIG A  A  A IC C A I U  UIU C C CtA  A  G C A -1U G U U U U t C  A IU U A  A-U C A  A iG A I A  C G A ] A  A[ 64 P c e r i s  v r t t a t a  
1C U U CIO G CIG A  A  AIG C A I U  U I U  G C CtA A  G G C AIU G U U U Ü I C  A IU U A  A-U C A  AtG A I A  C G A I A  At 65 neqaceros  aenrgrmit lcus 
I C U U C [ U G C l G A A A [ G C A ~ U U [ U G C C 1 A A G G A - l U G U U U U t C A I U U A A - U C A A 1 G A I A C G A ] A A ~  6 6 N o t o p h y l a s b r e u t e l u  
I C  U U C [ U  G CIG A A AIG C A I U  U I U  G C CIA  A  G G A  -1U G U U U U1C AIU U A  A-U C A  AIG A I A  C G A l A  A[ 67 P h y s c a m ~ t r e l I a  p a t e n s  
IC U U C[U G CIG h A AIG C AlLf U [ u  G C C iA  A  G G A - lu G U U U UIC A IU U A  A-U C A  A iG A I A  C G A I A  A1 68 Sphrpnum p a l u s t r e  



DCSE AIignment 

1210 1220 1230 ?240 1250 
- - - .  l . . . . l . . . . l . . . . l . . . . ( . . , . l . . . . l . . . . l . . . . l . . . . l  

[G U  U  A  G  C  G I C  A  U t C l G  - A  A t G  A  U  G I A  U  C  U  G  G U  A  C I C  G  U  C I G  U  A I G  U  - C  U  U  A  A  C I C  A  U  A  A  A  1 Sacharomyces cerevrslbe 
[G U  U  A  G  G  G I G  A U l C t G  - A  A t G  A  C  G I A  U  C  A  G  A  U  A  C [ C  G  U  C I G  U  A I G  U  - C  U  U  A  A  C I C  A  U  A  A  A 2 Schrzoraccharomycer pombe 
I G  u 0  G  G  G  G I G  C  U I C I G  - A  A I G  A  C  G I A  U  C  A  G  A  U  A C I C  G  U  C I C  U  A I G  U  - C  U C  A  A  C I C  A U  A  A  A  3 Physcomltrella patens 
[C U  U  C G  G  G I G  C  U I C I G  - A  A t G  A  C  G I A  U  C A  G  A U  A C I C  G  U  C I C  U  A I G  U  - C  U  C  A  A  C I C  A U  A  A A 6 Anthoctros agrertrr 
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C  A  C  C  A  - [ C  G  A G  U I G  - GIA G  C I C I U  - - G  C  G  G  C I U  U  A  A I U  U  U  G I A  C U C  A  A C  A I C  G  6 GIG A  A  A  19 Sphagnum cusptdatuni 
C A C C A - [ G G A G U I C - G I A G C l C I U - - G C G C C I U U A A [ U U U G l A C U C A A C A [ C G G G ] G A A A  20ca lypoqeraarputa  
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- - - - * - - - - - - - - - - - - - - - - -  C  C  U  U[C U  U  C  G  U  GIG - C C I A  A  C  UIU C I U  U  A  C  A  G  C l  5 Anthoceros laevrs 
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. . . . . . . . . . . . . . . . . . . . .  C  U  U  G I U  C  C  U  U  C  L! GIG - C  C I A  G  C U i C  C I U  U  A  G  A  G  C l  9 Sphaerocarpoa donne111 - - - - - - - - - - - - - - - - - - - - -  C  U  U  G  U i C  C U  U  G U  G l -  - C  C I A  G C  U i U  C I U  U  A  G  A  C  C l  10 Sphaerocarpus texanus - - - - - - - - - - - - - - - - - -  - - - - U  C  U I U  C  U  U  U  G  U  GIG - C  C I A  A  C  UIU C I U  U  A  G  A  G  GI 11 Atrxchum undulatun - - - - - - - - - - - - - - - - - - -  U  U  U  C  CIU C  C  U U  U  C  C  G i C  - C  C I A  A  C  UIU C I U  U  A  G  A  G  Gl 12 Br- argenreum 
- - - - - - - - - - - - - - - - - - -  U  U U  C  CIU C C  U  UIUIG C  G l -  - C I C  A  A I C I U I U  C ) U  U  A G  A  G  C f  13 Eurhynchrurn hrans - - - - - - - - - - - - - - - - - - -  U  U U  U  UIU C  C U  U  O G  C  G I C  - C  C I A A  C  U ( U  C I U  U  A  C A  G  GI :4 Funarra hyqromet=~ca 
- - - - - - - - - - - - - - - - - - -  U  U U  C C[U C  C  U  U  O C  C  G l C  - C  C I A  A  C  UIL! C I U  U  A  G  A G  C i  1 5  Leptobryum pyr1:orie 
- - - - - - - - - - - - - m e - - - -  U  U U  C  C[U C  C  U  U  U  C  C  G I G  - C  C I A  A  C  UIU C I U  U  A  G  A  C  CI 1 6  IJnitm hornum 
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c u u G  u [ u  c c c 0 G ü G ( G  - A  C ) A  G  c U[U C I U  U  A G  A  G  6 1  23  khrcflatltl~ w l m ~ h ~  - - - - - - - - - - - - - - - - -  U  U  C  U  U  U  U  U [ C  C  C  C U  G  C  C I G  - C  C I A  G  C  UiU CIU U  A  G  A G  G1 24 Rrccxa f l u l t m  
* - - - - - - - - - - - - - - - - - - -  - A  U  C  U[U C  U  U  U  G  U  C I C  - C  C I A  A  C  U i U  C I U  U A  G  A G  Gl 25 Scapanla newrea 

- C U U G I U C U U C G U G l C - C C I A A C U I U C I O U A G A G C 1  26Equzsetumhyemale - C  U  U  G[U C U  U  C  C U  GIG - C  C I A A  C  UVJ C ) U  U A  G  A G  Cl  27 Eqursecum rabustum . . . . . . . . . . . . . . . . . . . .  A  U  C U[U C  C  U  U  U  G  C  GIG - C C  A I G  C  UIU C I U  U  A G  A  C  G1 2B Isoetes  e n q e h n n r r  - - - - - - - - - - - - - - - - - - - -  - A  U  C  UlU C U  U G I G  U  G i G  - C  C I A  A  C  U I U  C I O  U  A C  A G  Gl 29 Huperzia lucrduls . . . . . . . . . . . . . . . . . . . .  - A  U  C  U f U  C  U  U(G:G U  G i G  - C  C I A  A  C  UIU C I U  U A  C  A G  GI 30 Lycopodiella inundata . . . . . . . . . . . . . . . . . . . . .  A  U  C  UIU C  U  U(G1G U  C I G  - C  C I A  A C  UIU C I O  U  A  G  A C  G1 31 Lycopodim phiegmarza 
- - - - - - - - - - - - - - * - - - - -  - A U  C  U I U  C  U  U ( C ) G  U GIG - C C I A  A  C  UIU C I U  U  A  G  A  G  Gl 32 Lycopadluni taxlfolruni . . . . . . . . . . . . . . . . . . . .  - A  U  C  U I U  C U  U ( G ) G  U G f G  - C  C I A  A  C  U i U  C I O  U  A  G  A  G  G l  33 Lycopodium tristachyuin . . . . . . . . . . . . . . . . . . . . .  A C U  U I C  C  U  U  U  G  C  C I G  - C  C I A  G  C  UIU C ) U  U A  G  A G  Cl  34 Selaqxnella q r l l e a t t a ~  . . . . . . . . . . . . . . . . . . . . . .  U  U  C [ C  C  U  C  C  G  A  C I C  - C  C I A  G  C U(U C I U  U  A  G  A  G  G l  35 Selagrnel la  ~ p .  
- - - - * * - - - - - - - - - - - - - -  - C  A  U  C  C t C  U  C  C  G  C  A t C  - C I U  A  G  C  UIU C ) U  U A  C  À G  G1 3 6  Oryza satrva 
- - - - - - - - - - - - - - - - A - - - -  C  A  U  C  C i C  U  C  C  G  U  A t G  - UIU A  G  C UIU C I U  U A  G  A  C  Cl  37 2ea mays . . . . . . . . . . . . . . . . . . . . .  C A  U  C [ C  C  U  U  C  A C  G I G  - C  C I G  G  C UtU C ) U  U  A  G  A  G  G l  38 iCrabidopsrs thallana - - - - - - - - - - - - - - - - - - - - -  U  A  A  C!C C  U  C  C A C  C I G  - C C I A  G  C  U(U C ) U  U  A  G  A  G  C l  39 Glycrne max . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  C  A  U  C [ C  C  U  U  C  A C  GIG - C  C ) G  G  C  U(U C I U  U  A  G  A  G  Gl 40 Sinapas aLba 
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U  U  C  G i C  C  U  U  C  G  U GIG - C  C ) A  C  C  U(U C I U  U  A  G  A  G C l  43 Ginkgo blloba 
U  U  C  C I C  C  U  U  C C  C  G t C  - C  C l A  C  C  U ( U  C I O  U A  G  A  G  GI 44 Pznus luchuensls - - - - - - - - - - - - - - - - -  - - - - U  U  C  C I C  C  U  U  C  G  C  GiG - C  C l A  G  C  U(U C l U  U  A  G  A  G  G1 45 Prms wallrchlana . . . . . . . . . . . . . . . . . . . . .  U U  C  C [ C  C  U  U  C G  U  GIG - C  C I A  C  C  UiU C}U U  A G  A  G  G1 4 6  Podocarpus aakall . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  U U  U  C [ C  C U  U  C  G  U  C I G  - C C } A  G  C  U(U C I U  U  A  G A  G  Gl 47 Taxus marre: 
A  U  C[C U I C I U I U  C}G(U G  - - C  C ) A  A  C  UiU C ) U  U A  G  A  G  G l  48 Adiantrnn raddrantuu . . . . . . . . . . . . . . . . . . . .  - A  U  C[C U I C l U I U  C ) G ( U  G  G  - C  C ) A A  C  UIU C I U  U  A  G  A  C  C l  4 9  Adxantrnn raddranum 2 - - - - - - - - - - - - - - - - - - - - -  U  C  A  G  C [ C  U  U  C  G  C  C ( G  - C  G ) A A  C  U(U C ) U  U A  G  A  G  C l  50 Cphroglossum pet:ola~~im - - - - - - - - - - - - - - - - - - - -  - A U  C I C  U1C)UIU C I G  U i C  U  - C  C I A  A  C  UIU C I U  U  A  C  A  C  GJ 51 Osmunda crnnamomea . . . . . . . . . . . . . . . . . . . . .  A  U  C  C [ U  C  U  U  C  G  C  C i G  - C  C ) G  A  C  UIU C I U  U  A  G  A  C  Gl 52 Salvrnra natans . . . . . . . . . . . . . . . . . . . . .  A  U  C  C[U C  U U  C  G  U  GIG - C  C I A  A  C  U I U  C I U  U A  G  A  G  CI 53  Psrlotum nudilm 2 . . . . . . . . . . . . . . . . . . . . .  C  C U  U[U C  C U  C  G  U C f G  - C  C I A  G C  UIU C I U  U  A  G  A  G  CI 54 Chara foetrdr - - - - - - - - - - - - - - - - - - - - -  U  U  C  U[C C  U  U  U G  U  G1G - U  C ) A  A  C  U[U C I U  U A  C  A G  G1 55 Coleochaete scutata . . . . . . . . . . . . . . . . . . . . .  U U C U [ U C U I C I C G U C l C - C C I A A C U I U C I U U A G A C C 1  56Klebsoriardrririiflaccrdum . . . . . . . . . . . . . . . . . . . . .  U C U U I U C C U C G U G i C -  C C I A G C U I U C I U V A G A G G I  5 7 N i t e l l a  Zlexrl is  

- - - - - - - - - - - * - - - - - - - -  - O C  U  U I U  C  C  U  C  G U  GIG - C  C I A  G  C  U I U  C I O  U  A  G  A  G  G1 SB H i t e l l a  Sp. . . . . . . . . . . . . . . . . . . . . .  - A  C  C  ULC C  G  G U  G C i G  - C  C i C  A C  U i U  C I U  U  A  G  A  G  GI 59 C h l ~ y d ~ ~ n ~ S  reanhardtrr - - - - - - - - - - - - - - - - - - - - -  L' U  U  U  U [ C  C G  G  C  C  GiG - U  U I C  A  C  UIU C I U  U  A  C  A  G  Gl 60 Hydrodictyon reticulotum . . . . . . . . . . . . . . . . . . . . .  U  C  C  U  U i C  C  A  C  C  C  GIG - C  C I G  A  C  UIU C I U  U  A  C  A  G  GI 61 Parretochlorrs pseudoalveolarls 
A  G  G  A  C U I G I U  C  U1A)G U  C  U  G  A  C  U i C I G  A  U  A  G  G  U A  CIG A A  U  - U  A A  A I A  C UIU C I U  U  A  C  A  G  C l  62 Dictyosteirum ducordeuai 
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63  Helrx numbcrrnq 1 - A  U  C  C U I C  U  U C G ü GIG - C  C I A  A  C UIU C I U  U  A  G  A  G  C l  64 Pterrs v i t t a t a  - - - - - - - - - - - - - - - - - - - - - -  U  C  O U I C  U  U  C C  U  GlG - C  C I A  A  C  UIU C I U  U  A  G  A G  Gl 65 Heqrceros ienrqmatrcus . . . . . . . . . . . . . . . . . . . . . .  C  C  U  UIC U  G  C  C  C  GlG - U  C I A  A  C  DIU C I U  U  A  G  A  G  G1 €6 Notophylas breutelu - - - - - - - - - - - - - - - - - - -  U  U  U  U  U[U C C  U  U  U  G  C GlG - C  C I A  A C  UIU C I U  U  A  G  A G  GI 67 Physcoÿutre l l~  patens . . . . . . . . . . . . . . . . . . . . .  U  U  C[C C  C U  U I C I C  C  G I C  - G  C I G  A  C  U i U  C I U  U  A G  A  G  G1 68 Sph~gnUEi palustre 
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1760 1770 1780 1790 1800 . . . .  I . * . . I  . . . .  I . . . . I . . . . l . . .  I . . . . 1 . . . . l . . . . l . . . . f  
I G  - A I C  U  - A  U  C  G  - G  U I U  U  C  A  A  - -1G C  C  G  - A  U  G  GIA A  G  U t U  U  G  A  G  G l C  A t A I U I A  A  C I A I G  G  U  1 Saccharomyces cerevtsrae 
] G  - A [ C  U  - A  U  U  G  - G  C I A  U  A  A  A  - - [ G  C  C  A  - A U  G  G I A  A  G  U [ U  U  G  A  G  G l C I A  A l U I A  A  C I A I G  G  U  2 S C ~ ~ Z O S A C C ~ A K O ~ ~ C ~ S  poaibe 
I G  - A [ C  U  - A U  C G  - G  C I G  U  C  U A  - - I G  C  C  G  - A U  G  G I A  A G  U I U  U  G  A  G  G l C [ A A l U l A A C i A I C  G  U  3 Physcomrtrella patens 
1C - A [ C  U - A  U I C I G  - G  C I G  U  C  U A  - - I G  C  C i A l -  A  U  G  G I A  A  G  U I U  U  G A  G  G I C I A  A I U I A  A  C I A I C  G  U  4 Anthoceros aqrestrr 
I G  - A I C  U  - A  U  U  U  - G  C I G  U  C  U  A  - -1G C  G  A  - A  U  G  G I A  A  G  U I U  U  G  A  G  G l C I A  A l U l A  A  C L A I G  G  U  5 Anthoceros laevrs 
1G - A I C  U  - A  U  U  G  - G  C I G  U  C  U  A  - -1G C  C  A  - A  U  G  G I A  A  G  U I U  U  G  A  G  G l C I A A ( U 1 A A  C l A l t  G  U  6 Pellra eD1Dhvlh 

A  c - A [ C  U  G  U  C  - - G  C ] G  U C  U A  - - i G  C l C I C  - A  C  G  G I A  A  G  U ~ U  U  G  A  - GICIA A l U l A  A  C I A I G  G  U  7 ~ebou1rs'hem;sphaerrca 2 
] G  - A [ C  U  - A  U  U  G  - G  C I G  U  C  U A  - - [ G  C  C  A  - A U  G  G I A  A  G  U I U  U  G  A G  G I C I A A I U I A  A  C I A j G  G  U  8 Riccardta pinqurs 
]G - A [ C  U  - A  U  C  G  - G  C]G U  C  U  A  - - [ G  C  C  G  - A  U  G  G I A  A  G  U I U  U  G  A  G  G l C [ A A l U l A  A  C1A)G G  U  9 Sphaerocarpos donnellr 
I G  - A [ C  U  - A  U  C  G  - G  C I G  U C  U  A  - - [ G  C  C  G  - A  U  G  G I A  A  G  U I U  U  G  A  G  G l C i A  A I U I A  A  C1A)G G  - 10 Sphaeroca&us texanus 
~ G - A [ C U - A U U G - G C l G U C i ' A - - ( G C C A - A U G G l A A G U [ U U G A G G ~ C ~ A A l i i l A A C l A I G G U  11Atrrchumundularum 
I G  - A [ C  U  - A  U  C  C  - G  C I G  U  C U A  - - [ G  C  C  G  - A  U  G  G I A  A  G  U I U  U  G  A  G  G l C l A  A I U I A  A  C I A I G  G  U  12 Bryum argenteuin 
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C I -  U  G  U  G I A  U  G  C  C  C  U I U  A  G  A  - U I G t U l U  C  U  G G I G  C  C I G  C [ A l C  G  C  G K I G  C  U l A  C  A C I U  G  A  U  G  A  22 ~ossairrbranla pusrl la  
C ( -  U  G  U  G I A  U G  C  C  C  U I U  A  G  A  - U [ G l U l U  C  U  G  G I G  C  C l G  C f A l C  G  C  G i C I G  C  U l A  C  A  C I U  G  A  U  G  G  23 n è r c h ~ n t l a  pa:mrpha 
C i -  U  G  U  G I A  U  G  C  C  C  U I U  A G  A  - U [ G t U I U  C  U  G  G I G  C C I G  C f A l C  G  C  G I C I G  C U I A  C  A  C l U  G  A  U  G  G  24 Riccia f lu l tans  
C l -  U  G  U G I A  U  G  C  C  C  U I U  A G  A - U [ G l U l U  C  U  G  G I G  C  C I G  C l A l C  G  C  G t C l G  C  U l A  C A C f U  G A  U  G  A  25 Scapanrs nemarea 

[ G  - U  G  U  G I A  U  G  C I C  G l U l U  A  G  A  - U i G l U l U  C  U  G  G I G  C G I G  C I A  G I G  C I G  C ) G  C  U I A  G  A  C I U  G A  U  G  A  26 ~qu i se tum hyemale 
C l -  U  G U  G I A  U  G  C  C  C  U I U  A  G A  - U [ G I U l U  C  U  G  G I G  C  C I G  C I A I C  G  C  GLCIG C U i A  C  A  C t U  G  A  U  G  A  2 7  Eaatasetum robustum - .  
c i -  Ü G u G ~ A  U  G  C  C  C  U I U  A  G  A  - U ~ G I U I U  C  U  G  G I G  C  C I C  C I A I C  G  C  G i C I G  C  U I A  C  A  C ~ U  G  A  U  G  A  28 1;oetes enge&unnrr 
C l -  U  G  U  G I A  U  G  C  C  C  D I U  A  G  A  - U 1 G I U ) U  C  U  G  G l C  C  C I G  C f A l C  G  C  G I C I G  C  U I A  C  A C [ U  G  A  U  G  A  2 9  Huperrla lucldula 
C l -  U  G  U  G ) A  U  G  C  C  C  U I U  A  G A  - U [ G i U I U  C  U  G  G l G  C  C I G  C I A I C  G  C  G i C I G  C  U I A  C  A  C l U  G  A  U  G  A 30 L y c o p o ~ e l l a  ~nundaca 
C [ -  U  G  U  G I A  U  G  C  C  C  U I U  A  G A - U [ G I U l U  C  U  G  G I G  C  C [ G  C [ A l C  G  C  G I C I G  C  U I A  C  A  C [ U  G  A  U  G  A  31 Lycopadiuai phlegrnaria 
C I -  U  G  U  G}A U  G  C  C  C  U I U  A  G A  - U I G I U I U  C  U  G  G I G  C  C [ G  C I A I C  G  C G i C I G  C  U 1 A  C  A  C I U  G  A  U  G  A  32 Lycopodium caxifolrum 
C l -  U  G  U  G I A  U G  C  C  C  U I U  A  G  A  - U i G I U I U  C U  G  G I G  C C [ G  C I A J C  G  C  G i C I G  C  U I A  C  A CLU G  A  U  G  A  33 Lycopodiwn tristadi'- 
C l -  U  G  U  G ) A  U  G  C  C  C  U I U  A  G  A  - U [ G l U I U  C  U  G  G I G  C  C [ G  C I A J C  G  C  G i C I G  C U I A  C  A  C I U  G  A  U  G  A  34 Selaqtnel la  qall@atcsr 
C [ - U G U G i A U G C C C U I U A G A - U ~ G l U l U C U G G I G C C l G C I A l C G C G i C ) G C U l A C A C [ U G A U G A  3 5 S e l a q i n e l l a s p .  
C l -  U  G  U  C;}A U  G  C  C  C  U1U A  G  A  - ZI(GiUIU C  U  G  GIG C  -[G C [ A ) C  G C  G I C i G  C  U I A  C  A  C I U  G  A  U  G t U l  36 Oryra sa t i va  
CI -  U  G  U  G I A  U  G  C  C C  U I U  A G  A  - U i G l U l U  C  U  G  G I G  C  C l G  C I A I C  G  C  G i C ) G  C  U 1 A  C  A  C I U  G  A  U  G t U I  37 Zea aiays 
C l -  U  G  U  G ) A  U  G  C  C  C U I U  A  G  A  - U ( G 1 U I U  C  U  G  G I G  C  C I G  C f A l C  G  C  G i C ) G  C  U I A  C  A C I U  G  A  U  GLU1 38 Arabrdopsas t h d l l l n ~  
C I -  U  G  U  G I A  U  G  C  C  C  U I U  A  G  A  - U I G I U I U  C  U  G  G l G  C C I G  C t A l C  G C  G i C I G  C  U I A  C  A  C [ U  G  A  U  G I U I  39 Glvcrne max 
~ ~ - ~ G U C ~ A U G C ~ ~ ~ I ~ A G A - ~ I G ~ ~ I ~ ~ ~ I ~ G G I G ~ - I G ~ I A I ~ G ~ G ~ ~ ~ G ~ ~ I A ~ A ~ ~ ~ G A ~ G ~ ~ I  t o s i L p l ~ ~ l b a  
C I -  U  G  U  G l A  U  G  C  C C  U I U  A  G  A  - U I G i U l U  C  U  G  G l G  C  C I G  C l A l C  G  C  G I C I G  C U I A  C  A C I U  G  A  U  G i U I  41 Z m a  pumila 
C I -  U  G  U  G I A  U  G  C  C  C  U I U  A  G  A  - U 1 C l U l U  C  t G I G  C C I G  C I A I C  G C G I C I G  C  U I A  C  A  C [ U  G  A  U  G  C  42 Gnetum l e v b o l d ~ r  
c ( -  U  G  U  G i A  U  G  C  C  C  U I U  A  G  A  - U I G I U I U  C  U  G  G l G  C C I G  C I A i C  G  C  G i C i G  C  U I A  C  A  C I U  G  A  U  G t U i  43 Glnkpo biioba 
C l -  U G  U  G ) A  U  G  C  C  C  U l U  A  G  A  - U I G i U l U  C  U  G  G I G  C  C [ G  C I A ) C  G  C  G l C I G  C  U I A  C  A  C I U  G  A  U  G  C  44 Prnus Luchuensas 
C l -  U  G  U  G i A  U  G  C  C  C  U I U  A  G  A  - U I G I U I U  C  U  G  G I G  C  C [ G  C l A l C  G  C  G I C i G  C  U I A  C A  C [ U  G  A  U  G  C  45 Pinus wallrchrana 
C l -  U  G  U  G t A  U  G  C  C  C  U I U  A  G  A  - U [ G i U I U  C  U  G G I G  C  C [ G  C t A l C  G  C  G ( C i G  C  U I A  C  A  C [ U  G  A  U  G  C  4 6  Podocarpus nakaar 
C [ -  U  G  U  G I A  U  G  C  C  C  U l U  A  G  A  - U I G i ' J l U  C  U  G  G I G  C C l G  C l A l C  G  C  G I C I G  C  U I A  C  A  C I U  G  A  U  G  C  47 Taxus marre1 
C I -  U  G  U  G ) A  U  G  C  C  C U I U  A C  A  - U I G i U I U  C  U  G  G I G  C  C i G  C l A l C  G  C I G I C  G l C l U I A  C  A  C I U  G A  U  C  A  48 Adaantum raddaanun 
C [ -  U  G  U  G I A  U  G  C  C  C  U I U  A  G  A  - ULGIUIU C  U  G  G I G  C  Z I G  C I A I C  G  C  G i C i G  C  U I A  C  A  C I U  G  A  U  G  A  49  Adlantum raddianan 2 
c l -  U  G  U  G ) A  U  GlGIo O o l o  a O O - o I o l o l o  O O o 0 1 0  O 010 o l o l o  O a O o l o l o  o l o  O O o [a  O O o O o 50 Ophaoqlassïni pecaclatum 
C i -  U  G  U  G ) A  U  G  C  C  C  U I U  A  G A  - U I G i U I U  C  U  G  G i G  C C I G  C i A l f  G  C I G  C  G  C  U  A  C A C I U  G  A  U  G  A  51  Osmunda c r n r m e a  
C l -  U  G  U  G I A  U G  C  C  C  U I U  A  G  A  - U I G I U I U  C  U  G  G I G  C  C [ G  C I A l C  G  C  C I C I G  C  U I A  C  A  C I U  G  A  U  G  A  52 Salvrnla natans 
C l -  U  G U  G J A  U  G  C  C  C  U I U  A  G  A  - U L G i U l U  C  U  G  G I G  C  C l G  C I A I C  G  C  G r C i G  C  U 1 A  C  A  C I U  G  A  U  G  A  53 Pszlotum nudum 2 
C l -  U  G  U  G I A  U  G  C  C  C  U I U  A  G A  - U I G i U I U  C  U  G  G I G  C  C [ G  C [ A I C  G  C  G i C j G  C  U l A  C  A C I U  G  A U  G  G 54 Chara foctada 
C l - U G U ~ A U G C C C U I U A G A - U l G l U l U C U G G l G C C ~ G C l A l C G C G ~ C ~ G C U i A C A C ~ U G A U G A  55Coleochaetescucata  
C l -  U  G  U  G I A  U  G  C  C  C  U l U  A  G  A  - U I G I U I U  C  U  G  G I G  C  C I G  C l A l C  G  C  G i C I G  C  U I A  C  A  C l U  G  A  U  G  A 56 Klebsormrdrum f:accadum 
CI- Ü G Ü G ~ A  U  G  C  C  C  U ~ U  A G  A  - U ~ G I U I U  C  U  G  G ~ G  C  C I G  C I A ~ C  G  C  G I C I G  C  U i A  C  A  C ~ U  G  A U  G A  57 ~ r c e l l s  f i & r l r s  
C l -  U  G  U  G I A  U  G  C  C  C  U I U  A  G A  - U I G i U I U  C  U  G  G I G  C  C I G  C I A ) C  G  C  G i C i G  C  U I A  C  A  C [ U  G  A  U  G  A  58 Natel la  sp .  
C1-  U  G  U  G I A  U  G  C  C  C  U l U  A  G  A  - U [ G I U l U  C  U  G  G I G  C  C [ G  C I A l C  G  C  G ( C : G  C  U I A  C A  C [ U  G  A  C  G  C  59 Chlamy-nas reanhardtrl 
C [ -  U  G  U  G I A  U  G  C  C  C  U I U  A  G  A  - U I G I U I U  C  U  G  G I G  C  C I G  C I A I C  G  C  G I C I G  C  U I A  C  A  C I U  G  A  U  G  C  60 tlydrodictyon retzcirlatum 
C t -  U  G  U  G I A  U  G  C  C  C  U I U  A  G A  - U [ G i U l U  C  U  G  G I G  C  C [ G  C I A I C  G  C  G K I G  C  U I A  C  A  C r u  G  A  U  G  C  6: Parrecochlarrs pseudoalvcolarls 
C l -  U  G  U  G I A  U  G  C  C  C  U l U  A  G  A  - U [ A i C l C  U  G  G l G  C  C [ G  C l A l C  G  C  G t C l G  C  U I A  C  A I A  U  G  U  A  G  G  62 Dtctyostelrun darcordeum 
3 8 0 - - - - - - - - - - - - - - - - - - - - 3 6  - - - - - - - - - 3 4 ~ - - - - - - - - - - - - -  45- 63 Helrx nuiabcring : 
C l -  U  G  U  G I A  U  G I C I C  C  U I U  A  G  A  - U l G I U l U  C  U  G  G I G  C  C [ G  C l A I C  G  C  G  C I G I C  U I A  C  A  C I U  G  A  U  G  A  64 Pteris  vrt tata  
C i -  U  G  U  G I A  U  G  C  C  C  U I U  A  G  A  - U I G I U I U  C  U  G  G I G  C C I G  C I A I C  G  C  G i C I G  C  U I A  C  A  C I U  G  A  U  G  A  65 Meqaceros aenipsiaticus 
C ( -  U  G  U  G I A  U  G  C  C  C  U I U  A  G  A  - U I G t U I U  C  U  G  G l G  C  C I G  C I A I C  G  C  C t C l G  C  U l A  C  A  C [ U  G  A  U  G  A 66 Notophylas breuteiu 
C i -  U  G  U  G I A  U  G C  C  C  U I U  A  G  A  - U [ G l U I U  C  U  G G I G  C  C I G  C i A l C  G  C  G i C I G  C  U I A  C  A  C [ U  G  A  U  G  A  67 Physcomatrella patens 
C l -  U  G  U  G I A  U  G  C  C  C  U I U  A  G  A  A  U I G I U I U  C  U  G  G I G  C  C I G  C i A I C  G  C  G i C ) G  C  U I A  C  A C i U  G  A  U  G  A  68 Sphaqnua palustre 
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DCSE AIignmcnt 

. . - -  1 - . . . I . . . . I . . . . l . . . . 1 . . . . f . . . . l . . . . I . . . . I . . . . I  
I G  A  C  A  - [ G  G  U  - C I U  - - U1G GIU  A  A  U [ C  U  U l -  - G U C  A  A  A l C  U  C C G U  - C GIU  G  C U  G  C  C  G  A  U  1 Saccharomyces cerevrsrae 
I G C A A - [ G G U - C t U i - - G G G l U A A U ~ C U U ~ - - G U U A A A l C U C C C U - C C 1 U C C U G G G C A U  2Schzzosaccharomycespo~e  
G I A  U  A i C  G  G  U  - U - - - G G GIU  A  A  U i C  U Ut -  - U U C  A  A  A  U1U U  C  A  U  - C G l u  G A  U  G  G  G G A  U  3 Physcomrtrella patmns 

1G A  G A  - I G  G A l -  AC - -16 G  G I U A  A  U i C  U  U t -  - U U C A  A  A U I U  U  C A  U  - C Glu G A  U C G  G G A  U  4 Anthoceros bqrestis 
I G A G A - ~ G G U - C l U I - - G G G I U A A U [ C U U l - - U U G A A A U I U U C A U - C G I U G A U G C G G A U  5Anthoceros lbev i s  
l G A C A - [ G G U - C U - - G G C l U A A U i C U U I - - U U G A A A U ~ U U C A U - C G ] U G A U G G G G A U  6 P e l l l a e p r p h y l l ~  
I G  G  A  A - I G  G  U  - C U - - G G G l u  A  A  U [ C  U U l -  - U U C  A  U  A  A I U  U  C  A  U  - C C I U  G A  U  G  G  G G A  U  7 Reboulra heinlsphderlca 2 
l G A C A - [ G G U - C C - - G G C l U A A U [ C U U L - - U U G A A A U I U U C A U - C G l U C A U G C G G A U  8Rzccardraprngurs 
l G A A A - I G G C - U C - - G G G ~ U A A U [ C U U t - - U U C A A A C i U U C A U - C G l U C A U C C G G A U  9 S p ~ e r o c a r p o s d o n n e l l 1  
1 C A A A - I G G C - U C - - G G G I U A A U I C U U l - - U U C A A A C ~ U U C A U - C G l U G A U G G G G A U  10Sphaerocarpustexanus 
1G A  C  A  - [ G  C  C  - C U - - C G G I U  A  A  U [ C  U U t -  - U U G A  A  A U i U  U  C  A  E - C GlU  5 A U G G G G A  U  1: Atrrchum undulacum 
l G G U A - [ G G C - C U - - G G G I U A A U I C U U I - - ~ ' J G A U A U ~ U t ' C A U - C G l U C A U G G G G A U  :tBryumarqenceum 
IG A U  A - I G  G  C  - C U - - G G GIU  A  A  U [ C  U  U I -  - U U C  A  A  A  U I U  U  C A  U  - C C I U  C A  U  G  G  Y G A  U  13 Eurhynchrum hrans 
I G A U  A -[CI G  C  - C ü - - G G G l u  A A  U [ C  U U t -  - U U G A A A  U I U  U  C  A U  - C GIU  G A  U  G  C  C  G A  U  ?4 Funarla hyqrometrica 
I G  A  C A - [ G  G  C - C U - - G G GIU  A  A  U I C  U V I -  - U U G A  A  A  L'jU U  C  A  U  - C GIU  C  A  U  G  G  C  G  A  U  15 Leptobryum pyrrtome 
1 G A C A - [ G G C - C U - - G G G I U A A U I C V U I - - C U G A A A U I U U C A U - C G 1 U G A U G G G C A U  16Xnrumhornum 
I G  A  U  A  - [ C  GLCI- C  U - - G G GIU A  A  U I C  U  U l -  - C U  C  A  A  A  U I U  U  C  A  U  - C GIU  G  A  U  G  G  C  G  A  U  17 Physcomltrrum pytlforme 
1G A  C  A  - f G  G  C  - C C - - G G C I U  A A  U [ C  U  U I -  - U U Ci A A A  U I U  U  C A  U  - C CIO C A  U  G  C  G  C  A  U  18 Polytrlchum tormosum 
I G  A  C  A  - [ G  G  C  - C C - - G G G I U  A  A  U [ C  U  U I -  - U U G A  A  A  U I U  U C A U  - C G)U G  A  U  G  C  C  G  A  U  19 Sphaqnum cusprd~tum 
I G A C A - [ G G U - C U - - C ; G I U A A U [ C U U l - - U U C A A A U t U U C A U - C G ] U C A U C G G G A U  20Calypoqe1aarguca 
l G U C A - [ G G C - U C - - G G G I U A A U [ C U U I - - U U G A A A A ! U U C A U - C G ] U G A U G G G G A U  21Conocephalumconrcuin 
I G  A  C  A  - [ G  G  U  - C U  - - G G G I U  A  A  U1C 0 Ut -  - U U G A  A  A  U I U  U  C  A U - C G l u  G  A  U  G  C  G  G  A  U  22 Fosso~tbronra pus l l l a  
IG A A A  - [ G  G  U  - U C - - G G C I U  A  A  U i C  U Ut -  - Il U G A  A  A  A t U  U C A  U  - C C I U  C  A U  G G G G A  U  23 Harchantra polyniorpha 
I G  G  A A - [ C  G  U  - U C - - G G G I U  A  A  U [ C  U U I -  - U U G A  A  A  A I U  U  C  A  U  - C GIU  G  A  U  G  G  G G A  U  24 RlccLa Llultaas 
I G  A  C  A  -[Ci G  U  - C U  - - G G G I U  A  A  U [ C  U  U I -  - U U G A  A  A  U1U U  C A  U  - C G l u  C A  U G G G G A  U  2 5  Scapanza nemorea 
I G  A  C  A  - [ G  C  U  - C C - - G G G I U  A  A  ULC U U I -  - U U G A  A  A U I U  U C  A  U  - C GIU  G  A  U  G  G G C A U  26 Equ~sctum hyem~le  
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4 Anchoceros aqrescls 
5 Anthoceros laevls 
6 Pellla epxphylla 
7 Reboulia hemisphaerrca 2 
0 Riccardia prnpuis 
9 Sphaerocirpos donne111 
10 Sphaerocarpus texanus 
II Acrlchum undulacum 
12 Bryum arqenteum 
?3 Eurhynchlua hians 
14 hrnarra hyqrometrlca 
15 Leptobryum pyr:forme 
16 nnrum hotnum 
17 Physcomttrlum pyrrfo-?nc 
10 Polytrrchum torraosum 
19 Sphaqnum cuspxdatrar 
20 Calypoqera irpuca 
21 Conocephalum conlcum 
22 Fossombronia pusllla 
23 Marchantir palymarpha 
24 Riccxa f l u i t ~ ~ ~ s  
25 Scapanta nemcrei 
26 Equlsecum hycmale 
27 Equlaecum robustn 
20 IsoeCes engelmannlr 
29 Huperzra lucldula 
30 Lycopodlella rnunddta 
31 Lycopodlum phlegmarla 
32 tycopodzrnn caxrfol~um 
33 Lycopodium trastachyrmi 
34 Selaqlnella gallcottrl 
35 SeLapinella sp. 
36 Oryza satxva 
37 Zea mAys 
38 Arabidopsxs thallana 
39 Glycine IMJC 
40 Sinapis alba 
41 Zamla pumrla 
42 Gnetum leybaldrr 
43 Grnkqo biloba 
44 Prnus Iuchuensls 
45 Pinus uallrchana 
46 Podocarpus naka1 1 
47 TAXUS mAtre1 
48 Adtantun, radd-an- 
4 9  Aâiantrut raddlanum 2 
50 Oph~oglossum peCrolat+m 
51 Osmunda C l M m e &  
52 Salvfnla natans 
53 Psrlotum nudum 2 
54 Chara foectd~ 
55 Coleochaete scutata 
56 Klebsomdrum flacctdtrm 
57 Hltella fiexrlrs 
58 Hitella sp. 
59 ChlaniydcmOn~s rernhardcrl 
60 Hydrodicryon retfculatum 
61 Pariecochlorrs pseudoalveolarls 
62 Dictyostelium drscotdeum 
63 Helix numberlng 1 
64 Pterls vtttita 
65 Kegaceror aenrqmatxcus 
66 Notophylis breutelu 
67 Physcomxtrella patens 
60 Sphaqnum palustre 





DCSE Alignment 

2210 2220 2230 2240 2250 
- . . -  1 .  . . .  1 . . . . 1 . . . . 1 . . . . 1 . . . . t . . . . 1 . . . . 1 . . . . 1 . . . . 1  
C G U A G G ~ U G A A [ C C U C C G G A A C I G A U C A U U A - - - - - - - - - - - - - - - - - - * - - -  1 Saccharomyces ce r ev r s i ae  

~ C l G U A G G ~ U G A A [ C C U G C l A l G A A G I G A U C A U U A - - - - - - - - - - - - - - - - - - - - - -  2 Schrzosiccharomyces pombe 
( C I G U A G G ~ U G A A [ C C U G C [ A J G A A G I G A U C A o o o - - - - - - - - - - - - - - - - - - - - - -  3 Physco iu t r e l l a  pa tens  
~ C l G U A G G i U G A A [ C C U G C I A ) G A A G l G A U C A o o o - - - - - - - - - - - - - - - - - - - - - -  4 Anchoceros a g r e s t r s  
o o o o o o I o o o o [ o o o o o o o o o o l o o o o ~ o ~ ~ - - - - - - - - - - - - - - - - - - - - - -  5 Anthoceros l a ev r s  

( C I G U A G G ] U G A A [ C C U G C ( A ) G A A C I G A U C A O O O - - - - - - - - - - - - - - - - - - - - - -  6 P t l l l ~  ep rphy l l a  
( o ) o o o o o ~ o o o o [ o o o o o i o l o o o o I o o o o o ~ o ~ - - - - - - - - - - - - - - - - - - - - - -  7 Reboulra henirsphrerrca t 
~ C l G U A G G I U G A A I C C U G C ( A I G A A G ~ G A U C o o o o - - - - - - - - - - - - - - - - - - - - - -  B Riccardla  p lnqurs  
( C l G U A G G ~ U G A A f C C U G C ~ A J G A A G I G A U C A o o o - - - - - - - - - - - - - - - - - -  - - - -  9 Sphaerocarpos donne111 
t o ~ o o o o o ] o o o o l o o o o o i o ~ o o o o I o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  I O  Sphaarocarpus texanus 
l C l G U A G G ] U G A A [ C C U G C l A I G A A G I G A U C A o o o - - - - - - - - - - - - - - - - - - - - - -  11  Atrrchum undulrtum 
~ o ~ o o o o o ) o ~ ~ ~ f o ~ ~ ~ o ~ o ~ o o o o I o c o o o o o o - - - - - - - - - - - - - - - - - - - - - -  i2 Br- arqenceum 
[ ~ ) ~ O O O ~ ] ~ ~ ~ ~ [ O O C O O ~ O J O O O C ~ O O O O O ~ ~ ~ - - - - - - - - - - - - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  13 Eurhynchrum h1dnS 
C G U A G G ] U G A A [ C C U G C G G A A G I G A U C A U U G C A C A C A C A C A A A A A A A A A A C U G  14 F u n a r r a h y q r o i e t r r c a  

( C ) G U A G G ] U G A A [ C C ü G C ! A ) G A A G l C A U C A C 3 G G G C C G - - - - - - - - - - - - - - - - -  15 Leptohryum pyrrfcrme 
l C l G U A G G ~ U G A A [ C C U G C l A ) G A A G 1 G A U C A o o o - - - - - - - - - - - - - - - - - - - - - -  16 MXUVI ~ O ~ X Z I  
l o ~ o o o o o ] o 0 o 0 [ 0 0 0 0 0 1 0 1 0 0 0 0 ~ 0 0 0 0 0 o o o - - - - - - - - - - - - - - - - - - - - - -  L7 Physcomltrrum p y r r f o m e  
~ C I G U A G G ] U G A A [ C C U G C I A ~ G A A G I G A U C A O O O - - - - - - - - - - - - - - - - - - - - - -  18 Polycrrchum forniasum 
( C l G U A G G ] U G A A [ C C ' J G C l A ) G A A G I G A U C A o o o - - - - - - - - - - - - - - - - - - - - - -  19 Sphaqnum cusprdacum 
~ C l G U A G G ~ U G A A [ C C U G C l X l G A A G ~ G A U C A o o o - - - - - - - - - - - - - - - - - -  - - - -  2 0  Calypoqeza a rqu t a  
U G U A G G ] U G A A [ C C U G C A G A A G ~ G A U C A O O O - - - - - - - - - - * - - - - - - - - - - -  21 Conocephalum conrcus  

( C ) G U A G G ] ~ G A A [ C C U G C ~ A I G A A G ~ G A U C A O O O -  - - -  - - - - - - - - - - - - - * - - - -  22 ~ossombron l a  p u s l l l a  
[ C l o o o o o ] o o o o [ o o o ~ o t o ~ o o o o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  2 3  Harchantra pclymorpha 
l C I G U A G G ] U G A A [ C C U G C l A f G A A G l G A U C A o o o - - - - - - - - - - - - - - - - - -  - - - -  24 Riccra  f l u r cans  
l C l G U A G G ] U G A A [ C C U C C I A l G A A G l G A U C A o o o - - - -  - - - - - - - - -  - -  - - -  - -  - -  2 5  Scipanxa nemorea 
~ o ) o o o o o ] o o o o [ o o o o o ~ o ~ o o o o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  26 Eqursecum hyemale 
~ C l o o o o o ] o o o o [ o o o o o l o l o o o o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  27 Eqursetum robustum 
o o o o o o ] o o o o [ o o o o o o o o o o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  20 I s o e t e s  enqe:aannrs 
a o o o o o ] o o o o [ o o o o o o o o o o ~ o o o ~ ~ o ~ o - - - - - - - - - - - - - - - - - - - - - -  29 Huperzia h c r d u l a  

( o i o o o o o ] o o o o [ o o o o o ~ o J o o o o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  30 Lycopodis l la  tnundata 
[ C ) o o o o o l o o o o [ o o o o o ~ o ~ o o o o l o o o o a o o o - - - - - - - - - - - - - - - - - - - - - -  3 1  Lycopod~um phleqmarra 
( C l o o o o o ~ o o o o [ o o o o o l o l o o o o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  32 Lycopodruin caxrfolzum 
( o ~ o ~ o ~ o ] o ~ o o [ ~ ~ o o o l a ~ o o o o ~ o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  33 Lycop~dium trrstackyrmr 
( C l o o o o o ] o o o o ~ o o o o o l o ~ o o o o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  34 S e l a q r n e l l a  qa?leot::r 
( C l o o o o o ] o o o o [ o o o o o ~ o l o o o o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  35 S e l a g i n e l l a  sp .  
C G U A G G ] U G A A [ C C U G C G C A A G ] G A U C A U U G - - - - - - - - - - - - - - - - - - - - - -  36 Oryzè s a c l v a  
C G U A G G ) U G A A [ C C U G C G G A A G i G A U C A U U G - - - - - - - - - - - - - - - - - - - - - -  37 ZCS -Ys  
C G U A G G ] U G A A [ C C U G C G G A A G 1 G A U C A U U G - - - - - - - - - - - - - - - - - - - - - -  38 Arabidopsrs t ha l r ana  
C G U A G G ] U G A A ( C C U G C G G A A G i G A U C A U U G - - - - - - - - - - - - - - - - - - - - - -  39 Glyclne m u  
C G U A G G ] U G A A [ C C U G C G G A A G ] G A U C A U U G - - - - - - - - - - - - - - - - - - - - - -  40 Sinap i s  a l b a  
C G U A G G ] U G A A [ C C U G C G G A A G I G A U C A U U G - - - - - - - - - - - - - - - - - - - - - -  4 1  L I M I  pumila 
C G U A G G ] U G A A [ C C U G C G G U A G ] G A U C A U U G - - - - - - - - - - - - - - - - - - - - * -  42 Gnctum l eybo ld r r  
o o o o o o ] o o o o [ o o o o o o o o ~ o ~ o o o o o ~ ~ ~ - - - - - - - - - - - - - - - - - - - - - -  43 GLnkgo b i l oba  
o o o ~ ~ ~ ] ~ ~ o o [ o o o o o o o o o ~ I o o o o o ~ o o - - - - - - - - - - - - - - - - - - - - - -  44 Pfnus luchuensss 
C o 0 0 0 0 ] 0 o 0 0 [ o o o o o o o o o o 1 o o 0 0 0 o o o - - - - - - - - - - - - - - - - - - - - - -  45 Prnus u e l l i c i ~ a n a  
o o o 0 0 0 ] o o o o [ 0 o o o o o o o o o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  46 Podocàrpus nakar: 
o o o o o o ) o o o o [ o o o o o o o o O o I o O O O O O O O - - - - - - - - - - - - - - - - - - - - - -  47 TUUS masres 
( o ) ~ ~ ~ ~ o ] o o o o ( o ~ ~ ~ o ( o ) o ~ ~ o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  48 Adiantum raddranum 
I C ) ~ o ~ ~ o ] o o o o [ o o o o o ~ o ~ o o o o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  4 9  Adiintum raddranrmi 2 
o o o o o o ~ o o o o [ o o o o o o o o o o ! o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  50 Ophsoglossum petrclatrrm 
o o o o o o ] o o o o [ o o a o o o o o o o I o a ~ o ~ o ~ ~ - - - - - - - - - - - - - - - - - - - - - -  51 Osmunda ctmanmnea 
C o o o o o ] o o o o [ o o o o o o o o o o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  52 Sa lv tn r a  na tans  
( C l o o o o o J o o o o [ o 0 o 0 o ( o l o 0 0 ~ 1 0 0 0 0 0 0 0 o - - - - - - - - - - - - - - - - - - - - - -  53 Pstlotum nudum 2 
( o l o o o o o ~ o o o o [ o ~ o ~ ~ l o ) ~ ~ ~ o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  54 Chara foetlcla 
~ C ~ O ~ O O O ] O O ~ ~ ( ~ O O O ~ ( ~ J ~ O O O ~ O ~ O O O O O O - - - - - - - - - - - - - - - - - - - - - -  55 C ~ l e o c h a e t e  s c u t r t a  
[ C ] G U A G G ] U G A A [ C C U G C ( A l G A A G ] G A U C A o o o - - - - - - - - - - - - - - - - - - - - - -  56 Klebsonudium f laccxdum 
~ C ) o o o o o ] o o o o [ o o o o o l o ) o o o o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  57 N i t e l l a  f l u r l i s  
( C ) G U A G G ] U G A A [ C C U G C l A l G A A G I G A U C A o o o - - - - - - - - - - - - - - - - - - - - - -  50 U1t~11. SP. 
C G U A G G ] U G A A [ C C U G C G G A A G 1 G A U C A U U G - - - - - - - - - - - - - - - - - - - - - -  59 Chlamydownas r e rnha rd t s r  
C G U A G o ] o o o o [ o o o o o o o o o o l o o o o o o o o - - - - - - - - - - - - - - - - - - - - - -  60 Hydrodiccyon re t rcula tum 
C G U A G G ] U G A A [ C C U G C G G A A G I G A U C A U U G - - - - - - - - - - - - - - - - - - - - - -  61 P i r t e t o c h l o r r s  pseudoalveolar l s  
C G U A G G ] U G A A [ C C U G C f G A U G I G A U C A U U U U - - - - - - - - - - - - - - - - - - - - -  62 D ic tyos t e l  ium drscordeum 
- - 5 0 - - - - - - - - - - - 5 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  63 Helix numberrnq 1 
0 0 0 0 0 0 ] 0 0 0 0 [ 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 - - - - - - - - - - - - - - - - - - - - - -  64 P t e r r s  v r t t a t i  
C G U A G G ] U G A ~ [ ~ C U G ~ ~ ~ ~ ~ ~ I ~ ~ O O O O O O - - - - - - - - - - - - - - - - - - - - - -  65 Hegaceros aenrqmatrcus 
C G ~ A G G ] U ~ A - [ C - - - - - - - - - ] - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  66 U ~ t ~ p h y l a s  b r eu t e lu  

( C ~ G U A G G ] U ~ ~ ~ [ O O O O ~ I ~ ~ ~ O O O I O O O O O O O O - - - - - - - - - - - - - - - - - - - - - -  67 Physcomrtrella pa tens  
~ C ~ G G A G G ] U G A A [ C ~ ~ O O ~ O ~ ~ O O O ~ O O O O O ~ ~ ~ - - - - - - - - - - - - - - - - - - - - - -  60 Sphagnum p a l u s t r e  



DCSE Aligamcnt 

1 Saccharomyces cerevrstae 
2 Schrzosaccharoiyces pad* 
3 Physcoaitrella patena 
4 Anthoceros agrestis 
5 Anthoceros laevrs 
6 Pellia eprphylla 
7 Reboulra hemxsphasrrca 2 
a Rxccardra prnpuis 
9 Sphaerocarpos dor~elli 
10 Sphaerocarpus texanus 
11 htrxhuru undulatum 
12 Brym argenteu 
13 Eurhynchlum hrms 
14 m a r r a  hyqrometrrca 
15 Lcptobryum pyrrtorme 
16 Ilnlum hornum 
17 Physcorutrtum pyrrforse 
10 Palytrrch- formcsum 
19 Sphagnum cusprdat~ 
20 Calypogera arquto 
21 Conocephalum conicum 
22 Fossombronaa pusrlla 
23 Marchantaa palporpha 
24 Riccia fluitans 
25 Scapania nunorea 
26 Equxsetum hytnale 
27 Eqursetm robustum 
20 Isoetes enqeïmannri 
29 Huperzta lucidula 
30 Ly~~podrella rnundata 
31 Lycapodium phleqmarra 
32 Lycopodrum taxlfolrum 
33 Lyccpodrum trrstachyus 
34 ~421d~lnell~ galleottl% 
35 Selagrnella sp. 
36 Oryza sacrva 
37 Zea mays 
38 icrabxdopsrs thalrana 
39 Glycrne ipa* 

40 Slnapis alba 
4 1  Zamta purula 
42 Gnetuin leyboldrr 
43 Grnkga brloba 
44 Prnus luciuensrs 
45 Prnus wallrchlana 
46 Poclocarpus nakarr 
47 Taxus mare1 
40 Adiantum raddzanu 
49 Mlantum raddlanum 2 
50  Ophroqlossum pctiolattm 
51 Omunda cinnamomes 
52 Salvicra natans 
53 Ps~lotum nudum 2 
54 Char. foetrda 
55 Coleochaete scutata 
56 KlebsanUdlum flaccldum 
57 Nrtella flexrlrs 
50 Nltellr sp. 
5 9  Chlripydomnas rernhardtll 
60 Hydrodictyon retrculac~ 
61 Parietochlorrs ps~~cbslveolarrs 
62 Drctyostelium discorde- 
63 Helrx numùerinq 1 
64 Prcrls vittata 
65 neqaceros aeniqmatrcus 
66 Natophylas breutelu 
67 Physcomltrella patens 
68 Sphapnum palustre 



NOTE TO USERS 

Page(s) missing in number only; text follows. Microfilmed as 
received. 
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APPENDIX H : MacClade Matrix 

Variability categories are assigned to each alignment position, or column. The 
categories were transcribed to this matrix from Table 4 (Page 44). 
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