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Abstract

Forty four actin genes from five angiosperm specics, whose cvolutionary
relationships are well characterized, were PCR-cloned and sequenced. Phylogenctic
analysis of 34 of these actin genes, along with those previously published. indicaie that
plant actin genes are monophyletic and underwent a rapid radiation carly in land plant
evolution. Six sets of putative orthologues have been identified and and their sequences
were used to calculate rates of evolution. The synonymous rate of substitution (5.44 x
107/sitefyear) is similar to that of other nuclear protein-encoding genes but the non-
synonymous rate (0.13 x LO¥/site/year) is 4-10 times higher than that ol vertebrate actin
genes. Relative-rate tests do not support a faster rate in plants than in vertebrates.
Evidence is also provided that some members of the actin multigene family in maize are
undergoing gene conversion. Finally, we show that some plant actin gencs have
undergone intron loss probably as a consequence of a genc conversion event between

the genomic copy and the reverse transcript.
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Résumé

Quarante-quatre  génes d’actine ont ¢té clonés et séquencés. Ces génes
proviennent de cinq espéces d’angiosperme dont les relations évolutives sont bien
élablies. Une analyse phylogénique de ces 34 genes, ainsi que des séquences déja
publiées, montre que les génes d’actine des angiospermes sont monophylétiques et que
plusicurs d’entres eux furent dupliqués avant I’apparition des angiospermes. Leur taux
de substitutions synonymes (5.44 x 10%/site/année) est semblable au taux des genes
nucléaires des espéces animales, mais leur taux de substitutions non-synonymes (0.13
x 10%site/année) est 4-10 fois plus levé que pour les génes d’actine des espéces
animales. Des tests de taux relatifs ne confirment pas un taux évolutif plus rapide pour
les angiospermes, comparativement au vertébrés. Nous présentons des résuitats
montrant que certains génes de la famille multigénique du mais sont sujets 2 la
conversion génique. De plus, certains génes d’actine dans les plantes ont perdu leurs
introns. Ceci est probablement dii & une conversion génique entre la copie génomique

de ces génes avec une copie de leur ADN complémentaire.



Moniz de 8d

List of Figures

Figure 1: Structure of typical actin gene ... ....oovoeiiiniiiiiiaieiiae e 11
Figure 2: Phylogenetic relationships of plant specics

BSEA 10 SIIAY ottt 16
Figure 3: Sequencing strategy for angiosperm actin genes..........ooeevnnae 25
Figure 4: Amino acid alignment of 54 plant acling ..........c.coeveiiienniniaens 45
Figfure 5: Variation in the frequency of G+C content among

angiosPerm aCtN GBNES. ... .. iuuvirmeerurerrnrenn e iearaernaanaes 55
Figure 6: Biased codon usage among angiosperm actin

genes T TPV OO RORPUUPPOPPIPPP: |
Figure 7: Effect of G+C content of the gene on the G+C

content at the first, second and third position

OF COUOMS «.vnenei et 58
Figure 8: Effect of nucleotide bias in the introns on

the codon usage of angiosperm actin gENES.......covveerneuineranss 60
Figure 9: Parsimony tree of 53 angiosperm actin amino acid ................

SEQUENICES «1vvnevueerrvnnraasranesnessaseinronrreressraane s eas 61

Figure 10: Neighbor-joining tree of 53 angiosperm actin
AMINO ACIA SEQUETICES. ... evivun e rretieirencrreeten e irrcaares 62

Figure 11: Neighbor-joining tree based on the proportion
of non-synonymous differences among 52
ANZIOSPEITN ACHI ZEMES. . uuuursrmrensnnernrerenarssnenearaenneeeens 63

Figure 12: Neighbor-jeining tree based on the first and
second codon positions of 52 angiosperm

ACHIN BENES L. v eenneeeeeenerirentenssaransanrrnaes e et aasaa e 64
Figure 13: Parsimony tree based on the first and second

codon positions of 52 angiosperm aclin genes ........o.vvueeensenn 65
Figure 14: Neighbor-joining radiai tree based on the

first and second codon positions of 52

ANGIOSPEITN ACLN FENES. c.evvvrnirrnereerransreerireaneraneiraaaeaes 67
Figure 15: Putative orthologues identified from phylogenetic

1 o TRV PSPSPPTPPP PP 69
Figure 16: Neighbor-joining tree based on the amino acid

sequence of 65 eukaryotic aCHNS. .. ..vveveniiiiaiirnr e 74

Vil



Moniz de Si

Figure I7: Gene conversion between Mz56 and Mz81 actin
BTICS e evereaneemun s rmtssseen s e n s et st 78

Figure 18: Gene conversion between Mz56 and Mz63 actin

1 S 79
Figure 19: Phylogenetic tree used in the relative rate st .......oooveeenerzens 82
Figure 20 Two models of INron LOSS. ...overeirr i 100

Figure 21: Actin amino acid sequence variation among
CUKAIYOUC LKA 1o eeevneevranmesnseeseessrsnarsstsaneo s casanaessn e 107

vili



Moniz de Si

List of Tables

Table 1: Plant actin sequences used in this study

obtained from Genbank/Embl databases..............oooveeiiienn, 27
Table 2: Protist, animal, and fungal actins obtained

from Genbank/Embl databases used to

generate phylogenetic tree in Figure 16, 28
Table 3: Protist, animal, and fungal actins used to

generate bar graph shown in Figure 20..............eninn 29
Table 4: List of actin sequences cloned from each

species in this study ... 37
Table 5: Numbers of actin genes cloned from this

study from five plant SPeCies........oovmmvireviri e 39
Table 6: Pairwise amino acid and nucleotide sequence

comparisons between plant actin @enes.......ooevemiiarnnnnnes 52
Table 7: Nucleotide sequence comparisons between

introns 1, 2, and 3 of putative plant actin

OItHOLOZUES. . eveveeeiiiie it e s e e e n et s ens 72
Table &: Relative rate test between orthologues using

the number of non-synonymous substitulions.............ccecueee 83
Table 9: Relative rate test between orthologues using

number of synonymous Substitutions..........c.oieiiiiiiinnne. 84
Table 10: Mean number of non-synonymous substitutions

for all taxa relative to Volvox actin.........ocooevirveiiiniinniienns 86
Table 11: Relative rate test based on the mean number

of non-synonymous substitutions for all actins
within each taxa relative (o the outgroup,
VOIVoX a0t .. 87

Table 12: Relative rate test based on the mean number
of nucleotide substitutions at the second
position of codons for major eukaryotic taXa .........ovveeeeennie 88

Table 13: Rates of synonymous and non-synonymous
substitutions deduced from plant actin
OthOIOBUES. ... v et erreaeanenes 90

Table 14: Rates of synonymous and non-synonymous
substitutions deduced from fungal actin genes...................... 92

ix



Moniz de Sa

Introduction

Acti;xs, as the major component of the eukaryotic cytoskeleton, have played an
important role in the evolution of eukaryotes. Many of the most basic features which
are uniquely associated with eukaryotes, such as phagocytosis, mitosis and meiosis,
cell fusion, and many other fundamental cellular processes, would not be possible
without the involvement of actin. An understanding of the way the actin multigene
family has evolved will undoubtedly contribute to our general understanding of
eukaryotic evolution. Much is already known about the evolution of actins in
verlebrates, invertebrates, insects, and other representatives of major lineages. In plants
however, very few representatives of the actin multigene family have been cloned and
sequenced and therefore our understanding of actin evolution in land plants is stll
lacking. In fact, our general knowledge about the evolution of multigene families in
plants is still poorly understood, most of that knowledge comes from studies of animal
genes. |

This study focuses on the evolution of the actin multigene family in a group of
taxonomically well defined angiosperms. By comparing the evolution of plant actin
genes with those of other eukaryotes, as well as other multigene families, we hope to
learn about aspects of actin gene evolution which may be either peculiar to plant actins

or to multigene families in plants in general.

Evolution of genes and multigene families

Over the last 25 years our insight into the origin and nature of genes has
increased dramatically and a paradigm has emerged which states that genes arise from
preexisting genes. Genes do not just evolve spontaneously from a random sequence of

nucleotides, but originate and evolve from shuffling and duplications of preexisting
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genes. Over time, a constant rain of mutation may lead to scquence and functional
divergence between duplicated genes which may themselves be duplicated again. As a
consequence of this repeated process of gene duplication followed by subscquent
differentiation, it is now believed that most nuclear proteins are encoded by multigene
families which may themselves be part of supergene families.

Modern-day genes are thought to have evolved from smaller modular units
which could recombine to form many different types of genes with different
combinations of modular units. This is referred to as the exon theory of genes (Gilbert,
1987). Under this theory, introns are supposed to have facilitated the recombination of
these modular units, called exons. Support for this theory comes mainty from the fact
that in some genes the exons, which are separated from one another by introns, cncode
the functional domains of proteins, and in some casecs, similar domains are found
associated with other genes but in different combinations (Gilbert, 1987). For those
groups of organisms which do not possess introns, such as cubacteria and
archaebacteria, it is hypothesized that during the course of their evolution, their introns
were lost in the interest of having more economic genomes (Gilbert, 1987). However,
the location of introns do not always separate exons encoding separate functional
domains. This has been used as evidence against the exon theory of genes (Stolizfus cl
al., 1994; Weber and Kabsch, 1994). Opponents of the exon theory of consider that
prokaryotes did not lose their introns, rather they never had them in the first place.
Instead, eukaryotes acquired introns during their evolution (Cavalier-Smith, 1991a).
This controversy persists. The increasing knowledge about the different types of
introns and their distributions and mode of splicing will undoubtedly contribute to this
debate (Cavalier-Smith, 1991a; Palmer and Logsdon, 1991). It is agreed by all,
however, that all life forms share many genes in common indicating that genes have

been present and evolving since the beginning of life on this planet.
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It is likely that the first life forms possessed much smaller and simpler genomes
and that modern genomes have evolved in complexity in part due to gene and genome
duplication (Gilbert, 1987; Li, 1983). Newly duplicated genes would be free to evolve
new functions. In some cases, duplicated genes diverged so much from one another
that Hittle sequence similarity persists (Li, 1983). In other cases, especially when the
duplications are recent, homologies can still be detected among them. A multigene
family is defined as a group of genes related to one another by relatively recent
duplications but whicl still maintain a similar function. A supergene family consists of
a group of genes or a group of multigene families which are related to one another by
relatively ancient duplications but which have greatly diverged from one another, and
that may now have different functions but are still recognizable as being related to one
another. There are no definitive criteria to decide whether a gene belongs to a multigene
family or a supergenc {amily since there are varying degrees of relatedness, but it has
been suggested that genes sharing more than 50% similarity at the amino acid level
should be referred to as being part of a multigene family, whereas genes showing less
than 50% similarity at the amino acid level should be referred to as being part of a
supergene family (Li and Graur, 1991).

The evolutionary fate of duplicated genes can be quite varied depending on how
evolutionarily constrained they are. Some duplicated genes may diverge and acquire
new functions by virtue of being expressed differentially or by acquiring a new
biochemical function (Li and Graur, 1991; Li, 1983). This may be attributable to the
relaxation of evolutionary constraints on the redundant second copy of the gene which
is now free to evolve. Undoubtedly, this has been a very important process in the
evolution of more complex organisms from simple ones. However, gene duplication
can also serve to increase the number of copies of genes that are required to produce

large quantities of a specific protein (Ohta, 1991). For example, the histone genes must
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be expressed in large amounts during the S phase of the cell cycle. Other examples
include the rRNA and tRNA genes.

Highly repetitive genes, such as histones and rRNA genes. are generally very
similar in sequence. One factor responsible for this may be purifying sclection because
such genes have very specific functional or structural requirements. Another factor
which may lead to a homogenization of genes is concerted evolution which occurs as a
result of unequal crossing over and gene conversion (Arnheim, 19835 Li, 1983). A
duplicated gene which is not under the influence of purifying selection can also hecome
a pseudogene. This type of gene has become nonfunctional by deleterious mutations
and are free to accumulate mutations with neutral eftect on the organism. Conscquently,
pseudogenes evolve very rapidly (Li, 1983).

Conservation of gene families can be interpreted as indicating a functional role
(selection) while divergence indicates absence of a functional role (drift) (Ohta, 1991).
A contrasting view, called molecular drive, states that members ol gene familics
become homogenized and fixed as a consequence of molecular turnover mechanisms in
the genome (Dover, 1982; Dover and Tautz, 1986). It is likely that all threc processes

are involved 1o varying extents in the maintenance of different gene familics.

Actin Function

Actin is a ubiquitous protein found in all eukaryotes. Aclin monomcers
polymerize dynamically to form microfilaments which interact with a varicty of actin-
binding proteins to form an actin cytoskeleton (Seagull, 1989). The function of
microfilaments has been well established in animals, yeast, and algae where they play a
crucial role in a variety of fundamental cellular processes (reviewed in Sheterline and

Sparrow, 1994, and Seagull, 1989).
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In plants, the role of actin has not been thoroughly studied. However, using
compounds which specilically inhibit polymerization or depolymerization, a variety of
{unctions have been implicaed for plant actins. These include roles in such
fundamental processes as cell division and mitosis, chromosomal condensation,
maintcnance of cell shape (i.e. cytoskeleton), intracellular transport, cytoplasmic
streaming, locomotion, chloroplast aggregation and rotation, growth of pollen tubes
and root hairs, and it has been found associated with the endoplasmic reticulum
(reviewed by Reece et al., 1992 and Meagher, 1991; Seagull, 1989). Based on amino
acid sequence conservation between animal and plant actins, their similar solubility,
ultrastructure, and electrophoretic mobility properties, it is thought that actins in plant
cells function in much the same way as in animal cells (Reece et al., 1992). These
functions are fundamental to a eukaryotic way of life, and it is likely that the evolution
of actins has played a major role in the evolution of eukaryotes. In fact, the evolution of
an internal cytoskeleton is thought to represent one of the most important innovations in
the evolution of eukaryotes. It enabled cells to become larger and 1o increase in genetic
complexity. It enabled phagocytosis and thus the acquisition by eukaryotic cells of
endosymbionts, as well as it allowed for cell fusion and thus making “sex” possible
(Cavalier-Smith, 1991b).

The diversity in the function of the actin proteins is probably modulated by
interaction with other proteins (Shetertine and Sparrow 1994; Seagull, 1989). Actin is
known to interact with many proteins which modulate aciin polymerization, anchoring,
and motor function. Amino acid sequences thought to be involved in interacting with
actin-binding proteins are conserved between veriebrate and plant actins, again
implying similarity of function. These actin-binding proteins are thought to constitute

strong selective constraints against change and explain the high degree of conservation
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of actin genes across broad phylogenetic lines (Sheterline and Sparrow. 1994; Beifuss

and Durica, 1992).

Actin genes in eukaryotes

Actin is encoded by a multigene family in all eukaryoies studied so far with the
exception of some fungi (e.g. Saccharomyces cerevisiae and Aspergillus nidulans) and
some protists (e.g. Tetrahymena thermophila and Giardia lamblia). In vertebrates,
actins are divided into distinct isotypes broadly classified as cytoplasmic (cytoskeletal)
and muscle actins (Kovacs and Zimmer, 1993; Reece ct al., 1992). Cytoplasmic actins

are predominantly found in non-muscle cells with at least two isotypes found in

mammals (referred to as B and ¥) and three or more in avians and amphibians. Muscle

actins are classified as striated or smooth based upon the muscle type in which they

predominate. There are two striated actins; the -skeletal muscle actin which is mainly
expressed in skeletal muscle tissuc and the o-cardiac muscle actin which predominates
in cardiac muscle. Two forms of actin are expressed in smooth muscle tissucs; o

smooth muscle isoform predominates in vascular tissue and y-smooth muscle isoforms

predominating in smooth muscle cells of the genital and gastrointestinal tracts (Kovacs
and Zimmer, 1993; Reece et al., 1992). Thus, in vertebrates the different members ol
the actin multigene family are differentially regulated. In addition to these 6 functional
genes, in many animal genomes there are also 20-40 pseudogenes for cyloplasmic
actin, many of which are presumed to be processed pseudogenes (Meagher, 1991).

All actin genes from invertebrates, regardless of function, more closcly

resemble vertebrate cytoplasmic actins. Even those actin genes expressed in the muscle



Moniz de Sa

tissues of C. elegans, Drosophila, and sea urchin display a greater similarity to
vertebrate cytoplasmic isoforms than they do to vertebrate muscle actins. In fact,
muscle actins in Drosophila and C. elegans evolved independently of those in
vertebrates (Kovilur et al., 1993; Vandekerckhove and Weber, 1984). This suggests
that veriebratc muscle actins developed after the divergence of veriebrates and
invertebrates (Reece et al., 1992; Cross et al., 1988). Fungal and protist actins are also
more similar to vertebrate cytoplasmic actins (Reece et al., 1992). However, these
cytoplasmic actins in invertebrates perform the same function as the veriebrate muscle
actins. This suggests that the actin genes functioning {0 produce muscle proteins do so
because they belong Lo a muscle ontogenic regulatory program, rather than because the
gene coding sequence specifies a muscle or a cytoskeletal protein (Davidson et al.,
1982). At present there is no evidence that the different actin isotypes have a different
biochemical function (Sheterline and Sparrow, 1994). However, aclin genes do show a
pattern of tissuc-specific and/or developmental stage-specific expression (Reece et al.,
1992).

In flowering plants, actin is encoded by a large, diverse, and dispersed
multigene family comprised of 8-40 genes (Thangavalu et al., 1993; Reece et al., 1992;
Drouin and Dover, 1990; McLean et al., 1990; Naim et al., 1988; Baird and Meagher,
1987: Bernatzky and Tanksley, 1986a,b). In Petunia, there is over 100 actin genes but
most of them are thought 1o be nonfunctional (McLean et al., 1990). In tomato,
Arabidopsis, potato, and Petunia actin genes have been localized to at least 5 linkage
groups (McLean et al., 1990; Nairn et al., 1988; Bernatzky and Tanksley, 1986a).

As in other systems, the multiple copies of actin genes arc thought to function in
providing a more diverse pattern of gene regulation, rather than to direct a large amount
of protein (Meagher, 1991; Hightower and Meagher, 1986). Based on the shared intron

positions and the many short amino acid sequences unique to plant sequences, it is
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believed that all the plant actin sequences are derived from a single ancestral sequence
(Meagher, 1991). Relative to other nuclear genes, actin genes in general are highly
conserved in both size and sequence (Reece et al., 1992; Meagher, 1991 Li and Graur,
1991). However, relative to animal actins, plant actin genes show a grealer sequence
divergence. This suggests that either they are an ancient multigene family or that they
are evolving faster than those in animals. It has been suggesied that plant acting are
evolving at the same rate as those in fungi and animals and that duplication and
divergence of actin genes began earlier in plans than in animals and fungi (Reece et al.,
1992; Meagher, 1991).

The early diversification of the actin multigene family in plants is thought to
have occurred concomitant with the early diversification of tissues, cell types, and
development of the earliest plants (Meagher, 1991). As new tissucs arose the
requirements for actin function or patterns of expression changed. Gene duplication
followed by subsequent mutation, and acted upon by drift and selection over time
resulted in novel gene types. Based on the rates of expression of actin genes and the
total amounts of actin in plant cell types, it is not likely that the role of the plant actin
multigene family is to supply ample gene product to satisfy the needs of the cell
(Meagher, 1991). Instead, the different membets of the plant actin multigene family arc
differentially expressed to suit the needs of particular tissues and cell types (Thangavalu
et al., 1993; Meagher, 1991; Hightower and Meagher, 1985). For example, in tobacco
there is an actin gene which is temporally and spatially regulated such that it is only
expressed in pollen (Thangavalu et al.,, 1993). The differential expression of actin
transcripts has also been observed in soybean, (McLean et al., 1990; Hightower and

Meagher, 1985), rice (McElroy et al., 1990), and witchweed (Wolf and Timko, 1994).
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Origin of Actins

Actin sequences in cukaryotes are highly conserved in both their size and
sequence. However, divergent actin-like sequences (more than 50% divergent) have
been identified from fungi, slime molds, invertebrates, vertebrates, and in a prokaryotic
cyanobacter, Spirulina platensis (Sheterline and Sparrow, 1994; Schwob and Martin,
1992). Some of these divergent actins are essential for cell survival, and in vertebrates
some have been associated with the microtubule cytoskeleton. The presence of these
divergent actin-related proteins suggest that conventional actin evolved from a gene
duplication event(s) very carly in the evolution of eukaryotes.

Studies of the three-dimensional molecular structure of ‘actin have shown that it
shares structural similarities with a large group of other proteins (such as hexokinase
and the 70kD-ATPase heat-shock protein), all having the common property of binding
and hydrolyzing ATP (Sheterline and Sparrow, 1994; Flaherty et al., 1991; Holmes et
al.. 1990; Kabsch et al., 1990). Since prokaryotes also express a range of such
proteins, actins probably represent just one of many descendants of a common ancestral

pene encoding an ATP-binding protein very early on in cellular evolution.

Intron position in actin genes

The structure of actin genes is quite variable with respect to introns. The current
catalogue of intron positions for over 100 actin genes consists of 40 individual
positions (Weber and Kabsch, 1994). The total number of introns per gene varies from
zero o eight. Some lower eukaryotes such as Entamoeba histolyca, Tetrahymena
thermophila, two Phytophthora species, Dictyostelium discoideum, Trypanosoma
brucei, and some of the actin genes from Bombyx mori and Drosoplila melanogaster

contain no introns at all. In some cases only one intron is present, such as in the actin
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gene from Saccharomyces cerevisiae. Stll others, such as the actin gene from Volvox
carteri and the vertebrate smooth muscle actin. have cight and scven introns,
respectively.

Conservation in intron positions along the coding region of actin genes differs
between different phylogenetic groups. i vertebrates the six aclin genes are grouped
into thiee pairs of homologues. The inwon posilions are conserved belween
homologous, but not between nonhomologous members. In addition, three ol the
seven intron positions known in vertebrates are conserved between all vertebrate actins.
One of these conserved intron positions is also obscrved in a nematode (Onchocerca
volvulus) and a platyhelminth (Taenia solium). For many specics, such as Drosophila
melanogaster, sea urchin, and Caenorhabditis elegans for which more than one actin
gene is known, some variation is found in the position of introns. In animals as a
whole there are 17 intron positions and none of these inton positions is [00%
conserved among all members. Thus many intron loss or gain events have occurred in

animals.

Actin gene structure in angiosperms

The typical structure of an angiosperm actin gene is illustrated in Figure 1. All
functional plant actin genes characterized so far have only three introns located in
identical positions within the coding region (Reece et al., 1992; Drouin and Dover,
1990). This suggests that all angiosperm actins known so far are derived from a single
common ancestor which diverged after the animal-plant divergence (Reece ct al., 1992;
Meagher, 1991). The first intron position of angiosperm actin gencs is shared with
Volvox carteri and C. elegans. The second intron position is shared with two
Plasmodium actin genes as well as a sea star actin gene and muscle actin gencs in

vertebrates. The last intron position is shared with both actin genes from the nematode,

10



Moniz de Sé

Intron L Intron 1 Intron 2 intron 3
Exon L Exon 1 Exon 2 Exon 3 Exon 4

ATG STOP

Figure 1: Suucture of typical actin gene. The translated portions of exons are
indicated by shaded boxes, untranslated portions by open boxes and introns are
denoted by connecting lines. The approximate sizes of exons are also indicated. Intron
sizes are variable. Start codon (ATG) and STOP codons are also indicated. Exon L and
Intron L stand for leader exon and leader intron, respectively.

11
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Onchocerca volvulus. Why these three intron positions are so conserved in angiosperm
acting but not in other lingages in not known.

The size and sequence of plant actin introns are not conserved. The coding
region is made up of four exons whose sizc and scquence are highly conserved.
Typically, the coding region encodes a protein 377(£l) amino acids long. No
significant insertions or deletions distinguish plant actin sequences.

Some well-characterized soybean and rice actin genes also contain an
untranslated leader sequence which is interrupted by a relatively long leader intron
(Pearson and Meagher, 1990; McElroy et al., 1990). Since other functional plant actin
sequences also contain a potential intron splice acceptor sequence, this featurc is
probably shared among all plant actin genes (Meagher, 1991). Vertebrate actin gencs
also contain a leader exon interrupted by a leader inwon which has been shown to
possess enhancer activity (Kawamoto et al., 1988). A possible regulatory function of
the leader intron in plant actin genes has been implicated {rom studics with rice

(McElroy et al., 1990) and soybean actin genes (Meagher, 1991).

Why study actin genes

As already mentioned, actin genes are present only in eukaryotes and encode
proteins whose functions are fundamental to eukaryotic life. This suggests that actin
has played an important role in shaping eukaryotic evolution. Thus, any knowledge
about the evolution of actin genes is likely lo have some significance in terms of
understanding the evolution of specific actin functions as well understanding the way
in which eukaryotes evolved and became such a successful lincage showing incredible
multicellular complexity.

Most of our knowledge about the evolution of genes and multigene families in

cukaryotes has come from studies with animal systems. By studying the actin

12
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multigenc family in plants and comparing their evolutionary patierns with those in
animals we may learn about possible differences in the way multigene families evolve
in plants versus nonplant systems. Since much is already known about actin function
and evolution in vertebrates and insects there is already a strong body of knowledge to
serve as a basis for comparison.

In more practical terms, plant actins have several features which make them
suitable and convenient to study. The conserved nature of actin genes enables the use of
degenerate PCR primers (o amplify actin genes from a diverse group of land plants. If
the sequence strategy involves the use of internal primers then it is also convenient and
less costly to have fewer sets of sequencing primers which work on as many different
emplates as possible. Also, actin DNA sequences from widely divergent species are
casy to align due to their length conservation.

Plant actin genes are highly conserved and evolve at a rate which may be
suitable to investigate events which happened early in the evolution of land plants. By
identifying orthologous members between the major representatives of land plants, an
inference can be made from the gene trees about the relationships between the major
land plants and perhaps even elucidate the phylogenetic origins of the angiosperms. In
addition, by comparing the function of orthologous members it is possible to determine
whether the same function is conserved between orthologous members. This sort of
information is useful because, if function is indeed conserved between orthologues, it
may serve as the basis for extrapolation and prediction on the possible function of
particular orthologues in different lineages.

When functional gemes become nonfunctional, that is they become
pscudogenes, their pattermn of evolution undergoes a change based on the fact that the
selective constraints, which may have been very rigid, have been relaxed. The

evolution of pseudogenes is not well characterized in plants. The fact that an actin
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processed pseudogene has been isolated in potato, and that actin pscudogenes ar
thought to be common in other plant species makes it likely that plant actin pseudogencs
will be identitied and be useful in understanding particular aspects of multigene family
evolution as well as the natwe of nucleotide change in the absence of purifying

selection in plants.

Objectives of this study

Very few actin genes have been cloned and completely sequenced from any one
plant species. As a consequence, our understanding of the evolution of actin genes in
plants is at best patchy and incomplete. Previously, no actin orthologues between
relatively recently diverged species had been identified with which to determine
accurately the rate of evolution of plant actin genes. This has undoubtedly been in part
due to the relatively large size of the actin multigene family in plants.

The objectives of this study were to clone, using PCR, and sequence as many
actin genes as possible from five angiosperm species whose phylogenetic relationships
are relatively well understood (Figure 2). These include four dicot species, thiee of
which belong to the family Solanaceae (Solanum tuberosum, Lycopersicon esculentum,
and Nicotiana tabacum) and onc of which belongs 10 the family Fabaccae (Glycine
max). The fifth species is a monocot belonging to the family Poaceac (Zea mays).
These particular species were also chosen for study in part because there were already a
number of actin genes cloned from them which can be added to our data sct.

Phylogenetic analysis of actin genes using both distance-based and parsimony
methods have been used to gain some understanding of the pattern of actin gence
duplication in plants, as well as to identify putative orthologous gencs. These

orthologues have been used to test for rate constancy and to determine the rates of
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evolution. Rate constancy has also been tested at various taxonomic levels and the rates
of evolution in plants has been compared to those in fungi and animals.

Concerted evolution, via gene conversion or unequal crossing-over events, isa
widespread and well documented phenomena resulting in sequence homogenization
between members of a multigene family (Arnheim, 1983). Gene conversion has been
implicated in the evolution of sea urchin actin genes (Durica et al., 1988; Crain et al.,
1987). Gene conversion events can lead to erroneous interpretations of phylogenetic
trecs. In addition, rates of evolution will be underestimated if calculated from genes
which have been influenced by conceried evolution. Therefore, plant actin genes have
been analyzed to determine if concerted evolution has been a factor in their evolution.

Finally, phylogenetic analysis of plant actin genes along with those of other
cukaryotic lincages has provided a broader understanding of actin gene evolution in
cukaryotes as well as providing some insights into eukaryotic evolution as inferred

from actin gene trees.

15



Moniz de 54

Dicots Monocots Green Algae
r 1 | 1 [ — i
Solanaceae
T |
Potato Tomato Tobacco Soybean Maize Volvox

150-250 MY

Figure 2: Phylogenetic tree of plant species used in this study showing approximalc
times of divergence (MY= millions of years). See materials and methods for details.
Adapted from Meagher et al., (1989).
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MATERIALS AND METHODS

Nucleic Acid Isolation

Genomic DNA was isolated from Solanum tuberosum, Lycopersicon
esculemtum, Nicotiana tabaccum, Glycine max and Zea mays using a procedure
adapted from Parsons et al. (1989). Plant tissues were ground in liquid nitrogen with a
mortar and pestle to a fine powder and resuspended in extraction buffer (2 ml/gram of
fresh weight of 100 mM Tris-HC1 pH 8.0, 20 mM EDTA pH 8.0, 0.5 M NaCl, 0.5%
sodium dodecyl sulphate (SDS), 0.5% 2-mercaptoethanol, and 1/5 vol of phenol). This
extraction mixture was incubated at 65°C for 30 min and then centrifuged for 5 min at
8,000 rpm. The supernatant was extracted twice with 1:1 phenol:chloroform and
extracted again 2-3 times with chloroform:isoamyl alcohol (24:1) with centrifugation
for 10 min at 8,000 rpm following each extraction. At this point genomic DNA was
precipitated with 1/3 volume of 10 M ammonium acetate (NH,OAc) and 2 volumes of
95% ethanol and spooled out using a glass rod. The DNA was washed with 70%
ethanol, resuspended in TE pH 8.0 containing 50 {1g/ml of RNAse and incubated at
65°C for 1 hour. This solution was then extracted with phenol:chloroform and the DNA

precipitated as described above before being resuspended in TE pH 8.0.

PCR Amplification

Actin sequences from potato, tomato, tobacco, soybean and maize were
amplified by the polymerase chain reaction (PCR) using degenerate primers. The amino
and carboxyl ends of plant actins are extremely well conserved. Based on this fact,
degenerate primers were designed using the plant actin sequences already available. The
sense primer (a 23 mer) hybridizes to the region from the first nucleotide of codon 12

through to the first two nucleotides of codon 19 (in the first exon). The antisense
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primer (a 29 mer) hybridizes to the region from the first nucleotide of codon 357
through to the first two nucleotide positions of codon 366 (in the fourth exon). Note
that only the sequences intemnal to exon 1 and cxon 4 will be amplitied and thus
available for phylogenetic study.

PCR was carried out by placing approximately 150 ng of genomic DNA, 150
pmol each of the forward {5° TG(T/C) GA(T/C) AA(T /C) GGI ACI GGI ATG GT 3]
and reverse [5° TC(A/G) TC(A/G) TA(T/C) TCI IC(T/C) TTI GII ATC CAC AT ¥’}
degenerate primers, 8 |l of 2.5 mM deoxynucleotide wriphosphate (ANTP) mixture, 4.5
pul of 50 mM MgSO, , 10ul of 10X Tag PCR buffer (Promega), and the volume
brought up to 100ul with water. The mixture was boiled for 5 minutes, quenched on
ice for 5 minutes and centrifuged for 15 seconds before adding 0.5 units of Taq
polymerase (Promega) and overlaying with 3 drops of parafin oil (BDH). PCR was
carried for 30 cycles of 1 min at 94°C, 1 min at 50°C (or 2 min at 54°C), and 3 min at
72°C. A final cycle was then carried out for 15 min at 72°C to ensurc complete
extension. The samples were then extracted with 1 volume of 1:1 phenol: chloroform.
One tenth volume of each PCR reaction was run on a 0.8% agarose gel with 1X TBE
as a running buffer. The gel was stained with ethidium bromide and the amplified DNA

visualized under UV.

Biunt-end cloning of PCR fragments

PCR fragments were made ready for cloning using the DOUBLE
GENECLEAN protocol (BIO 101 Inc.). This procedure involves the purification of the
PCR fragments using the GENECLEAN glass milk beads to remove excess nucleotides
and primers left over from the PCR reaction. The ends of the PCR fragments were
made blunt for blunt-end cloning using 25! of PCR reaction eluate, 10 pi of 10X pol
I buffer (0.5 M Tris pH 7.5, 0.1M MgCl,, 10mM DTT, 0.5mg/ml BSA, and 200 uM
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dNTPs), 10 pl of 10mM ATP, and 10 units cach of T4 polynucleotide kinase
(Pharmacia) and DNA polymerase 1 (Pharmacia). The final volume was adjusted to
100u1 and incubated at 37°C for 1 hour. The reaction was stopped with 1ul of 0.5M
EDTA pH8, GENECLEANed a second time, and resuspended in 25 1 of water.

The cloning vector used was the Bluescript SK*/KS* phagemid (Stratagene).
This vector contains many useful features which were exploited in this study. It

contains an ampicillin resistance gene for antibiotic selection of the phagemid vector. It

also contains the LacZ gene along with its promoter to provide o-complemetation for

blue/white color selection of recombinant phagemids (see below). Bluescript also
contains the f1 filamentous phage origin of replication allowing the recovery of single
stranded DNA (ssDNA) when a host strain is co-infected with a helper phage (thus the
name phagemid). The ssDNA was used for DNA sequencing. Finally, the Bluescript
phagemid comes in two forms, the SK* and KS*, which differ in that the multiple
cloning site of SK* is reversed relative to the f] origin of replication. Thus by cloning
into both SK* and KS* versions of the phagemid it is possible to obtain ssDNA of both
strands.

Blunt-ended PCR fragments were ligated into the Sma I multiple cloning site of
the SK* Bluescript plasmid. Ligation was carried outin a 10 pl volume using 6.5 [l of
DNA, | pl of 10X one-for-all buffer (Pharmacia), 0.5 pi of 10 mM ATP, 1 i of 10
mM hexamine cobalt chloride, 1 ul of blunt-ended dephosphorylated SK* Bluescript
plasmid DNA, and 8 units of T4 ligase (Pharmacia). The reaction was incubated
overnight at 10°C. The ligase was inactivated by heating at 65°C for 5 min.

The SK* Bluescript plasmid was blunt-ended by digestion with Sma I. The
reaction was carried out in a 100 p! volume containing 10 pg of plasmid DNA, 10 pl of

one-for-all buffer (Pharmacia), and 50 units of Smal (Pharmacia). The reaction was
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stopped by heat inactivation at 63°C for 5 min. The reaction was extracted with 1
volume of 1:1 phenol:chlorotorm, precipitated with 1/10 vol of 3M sodium acetate and
2 volumes of cold 95% ethanol, and resuspended in 90 pl of water. Dephosphorylation
of the Sma I digested plasmid DNA was carried out in a 100 pl volume containing 10
tLg plasmid DNA, 10 pl of 10X calf intestine alkaline phosphatase buffer (CIP bufter)
(Boehringer Mannheim), and 3 units of alkaline phosphatase (Bochringer Mannheim).
The reaction was incubated at 37°C for 15 min, another 3 units alkaline phosphatase
were added and reincubated this time at 56°C for 45 min. The phosphatase was
denatured by the addition of 1.5 pl of 0.5 M EDTA pH 8 and heatshocked at 75°C for
10 min. The plasmid DNA was then extracted twice with 1 volume of 1:1

phenol:chloroform, precipitated, washed with 70% ethanol and resuspended in 40 ul of

TE pH 8.0.

Transformation into E.coli

To select for plasmids containing the PCR fragments as inserts in the
polycloning site, the ligation products were transformed into a DH11S strain of E. coli
(Gibco BRL) competent cells. One microliter of ligated products were added to 100 pl
of freshly thawed competent cells and kept on ice for 30 min. The sample was then
heatshocked for 2 min at 42°C, followed by the addition of 1 ml of LB medium (10 g
NaCl, 10 g Tryptone and 5 g of yeast extract per 1 liter of water, and autoclaved) and
incubated for 1 hour at 37°C. Samples were centrifuged for 15 seconds and
resuspended in 100 pi of LB, and plated on LB solid media (1.5% agarose) containing
50 g/ml of ampicillin, 0.5 uM IPTG (Isopropylthiogalactoside) and 0.01% X-Gal (3-

bromo-4-choro-3-indolyl-B-D-galacioside). IPTG is an analog of lactose which can not

be metabolized but can act as an inducer of the B-galactosidase gene (LacZ) present in
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the polycloning site of the Bluescript plasmid. X-gal is a chromogenic compound
which is an analog of lactose and is a substrate of B-galactosidase but can not act as an

inducer of the LacZ gene. Thus E.coli colonies carrying the plasmid with no inserts will

appear blue because the coding region of the LacZ gene is uninterrupted and will be
able to produce a functional (-galactosidase product capable of braking down the

chromogenic agent X-gal. Conversely, colonies containing a plasmid with an insert will
appear white because the coding region of the LacZ gene is interrupted. These white
colonies were picked for further study.

E. coli DH11S competent cells were prepared as follows. A single colony was
innoculated into 5 mls of LB medium and grown overnight at 37°C. This culture was
then used to innoculate 400 mls of LB medium and grown at 37°C for about 2-3 hours
until the ODy,, was at 0.375. The culture was aliquoted into prechilled 50 ml tubes,
kept on ice for 30 min., centrifuged for 5 min at 2500 rpm at 4°C, and the cells
resuspended in 10 mls of sterile ice-cold CaCl, solution (60 mM CaCl,, 15% glycerol,
and 10 mM PIPES pH 7.0). The centrifugation and resuspension step was repeated
once more and the resuspended cells kept on ice for 30 min. The cells were once more
centrifuged, resuspended in 2 mls of CaCl, solution, alliquoted into 100 pl volumes in
1.5 mi eppendorf tubes, and flash frozen in a dry ice ethanol bath. Cells were thawed
out Tor use when needed. The transformation efficiency of these cells were typically >

1x10° colonies per | pg of Bluescript plasmid.

Screening for clones
Whitc colonies were screened for the presence of plasmids containing inserts
using the alkali mini-prep method (Maniatis et al., 1982). Colonies were picked from

the solid LB media using sterile tooth picks and inoculated into 2.5 mls of LB
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containing 50 pg/ml of ampicillin and grown overnight at 37°C. Culiures were
transferred into 1.5 ml eppendorff tubes, centrifuged for 30 sees and the supernatant
aspirated off. Bacterial pellets were resuspended in 100 pl of solution I (1% glucose,
25 mM Tris-HCI pH 8.0, and 10 mM EDTA pH 8.0) by vortexing. Cells were lysed
with 200 pl of solution II (0.2 M NaOH, and 1% SDS), mixed by gentle inversion,
and kept on ice for 10 min. Cell debris was precipitated with 150 pt of solution 111 (60
mls of 5 M potassium acetate, 11.5 mls of glacial acetic acid and 28.5 mls of walter),
mixed by inversion and kept on ice for 5 min before being centrifuged for 5 min at
12000 rpm. Supernatant was then extracted with 1:1 phenol:chloroform, centrifuged
for 5 min at 12 000 rpm. The plasmid DNA was precipitated with 2 volumes of 95%
ethanol, centrifuged at 12 000 rpm for 10 min, and the resulting pellet was washed with
70 % ethanol. The plasmid DNA. was dissolved in 50 pl of TE pH 8.0 containing 20
pg/ml of RNAse.

To detect if plasmids contained inserts, plasmid DNA was double digested with
the restriction enzymes, EcoRI and BamHI, and the [ragments separated on a 0.8%
agarose gel and the DNA bands visualized by staining the gel with ethediom bromide
and exposure to UV light. Restriction digests were carried out at 37°C for | hourin a
20 pl volume containing 2 pl of plasmid DNA, 4 pl of 10X One-for-all bulfer
(Pharmacia) and 2.5 units each of EcoRI and BamHI. All plasmids containing inscrts 1
kilobase or longer were kept for further analysis. Cultures containing the desired

plasmids were frozen at -80°C by adding sterile glycerol 1o a concentration of 15%.

Preparation of single stranded DNA
Single stranded DNA (ssDNA) used for sequencing was prepared as follows.
An overnight colony was inoculated into 1.5 mls of LB containing 10 mM MgCi, and

50 pg/ml ampicillin and grown on a gyratory shaker at 200 rpm at 37°C. Afier 2-3
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hours of growth 5 pl of M13KO7 (Gibce BRL) helper phage was added and the
volume brought up to 6 mls with the above mentioned LB media. Cultures were grown
overnight using the above mentioned conditions. The cells were pelleted by
centrifugation at 12 000 rpm for 15 min, and the viral particles in the supernatant
allowed to precipitate on ice for 1 hour by adding NaCl and Polyethylene glycol (PEG)
to a concentration of 0.5 M and 4 %, respectively. The viral particles were pelleted by
centrifugation at 12 000 rpm for 15 min, the supernatant aspirated off, and the viral
pellet was resuspented with 400 pl of TE pH 8.0 (containing 0.5 % SDS, 2.5 pg/ml of
proteinase K. and 20 pug/ml of RNAse) and incubated at 65°C for 2-3 hours. The viral
debris was precipitated by the addition of SM potassium acetate and cooling on ice for
10 min. This mixture was centrifuged at 12 000 rpm for 5 min and the supernatant
extracted with one volume of 1:1 phenol:chlrorform. The ssDNA in the aqueous phase
was precipitayed using 3 volumes of 95% ethanol and centrifuged at 12 000 rpm for 15
min. Excess salt was washed off from the ssDNA pellet with 70% ethanol. The
ssDNA was resuspended in 30 pl of TE pH 8.0 and visualized by running 2 pl on a

0.8% agarose gel stained with ethidium bromide and exposed to UV.

DNA sequencing strategy

Over 100 PCR fragments were cloned from each of the five species. Rather
than sequencing all of these clones to identify unique actin sequences, these clones
were initially divided up into different size classes and 1-5 clones from each size class
were sequenced. Based on a partial sequence of the 5 or 3’ ends unique clones were
identified, cloned into the KS* vector, and ssDNA prepared from both DNA strands for
further sequencing. Single strand DNA templates for each PCR clone were sequenced
according to the dideoxynucleotide termination method (Sanger et al., 1977) using the

T7 primer and reaction conditions employing T7 DNA polymerase (Pharmacia) or
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Sequenase vs 2.0 (United States Biologicals, Cleveland, OH). Other primers were used

10 sequence internal regions of the actin clones (Figure 3).

Phylogenetic relationships among species

The phylogenetic relationships among the five angiosperm specics cxamined arc
shown in Figure 2. These relationships are well established from analysis of
morphological traits and are based on the nomenclature of Cronquist (1981). Estimates
of divergence times from a common ancestor are based on megafossil and/or fossil
pollen data and were obtained from Meagher et al. (1989), and likely represent
underestimates of the true divergence times. Although the phylogenetic relationship
between the two tribes Cestreae (Tobacco) and Solaneac (potato and tomato) are well
established (D’ Arcy, 1979), their evolution from a common ancestor is less well
understood. Therefore, the time of divergence of these two tribes [rom a common
ancestor will be assumed to be thoi of the origin of the Solanaceac family, 40 MY ago.
The divergence of the Fabaceae (containing soybean) and the Solanaceae [rom the
subclass Rosidae will be assumed to be 110 MY ago, a time just after the radiation of
the angiosperm subclasses, 140 MY ago. The divergence time between monocots and
dicots is still controversial, but it is generally thought to be in the order of 150-250 MY
(Wolfe et al., 1989). The oldest known green-algal fossils are dated at 750 MY and the
divergence between green algac and land plants is thought to have occurred about 750

MY ago.

Sequence manipulation and alignments
DNA sequences were entered into an IBM compatible computer from the
autoradiograms using the data entry program DNA Parrot DPI 00-PC  version 2.3,

DNA sequences were manipulated (i.¢, introns and third basc of codons removed) and
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A

Degenerate Sequencing Primers:

ACCT: 5 (C/G)A(A/G) ATI ATG TTT GA(GA) AC 8 (17mer)

ACNT: 5 TCA AAC ATI AT(C/T) T(C/G)l GTC AT 3' (20mer)

ACC2 5 AMAG) AIT/C) (TIC)A(T/C) GA(A/G) ITI CCI GAT GG &' (23mer)
ACN2 5' TCI GGI AI(C/T) TCIA/G) (T/AYA/GHA/G) IT(CT) TT(CT) TC 3' (23mer)
ACN3 5 CC(T/C) (TIC)G(A/G) ATC CA(G/A) ACA CT(A/G) TA 3 (20mer)
ACCS: 5' AA(C/T) TGG GA(C/T) GA(C/T) ATG GAG AA 3' (20mer)

ACNG: 5 CIA TIG TIA TIA G(T/C)T GIC CATC 3 (22mer)

Bluescript ACNi ACNZ ACNG ACN3 T7

plasmid A A A - —
BN EXON 2 - EXON 2 - :
— —_— —_— —_— Bluescript
T7 ACCS ACC1 ACC2 plasmid

Figure 3: Seguencing strategy used to sequence both DNA strands of plant actin
genes. (A) Sequence of degencrate primers and (B) their approximate homologous
positions along the coding sequence. (Drawing not to scale).
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coding sequences translated using GDE. a sequencing processing program running on
a Unix workstation. Additional plant and other cukaryolic aclin sequences were
downloaded from Genbank and Emb} data bases using the Entrez rewieval system and
are listed in Tables 1, 2 and 3. Protein sequences were aligned manually on GDE.
Manual alignment was not problematic because actin genes are highly conserved in size

and sequence. The DNA sequences were aligned based on the protein alignment.

Sequence Analysis

Plant actin DNA sequences were analyzed for their total G+C content as well as
the G+C content al each individual codon position and at their introns using the
CODONS program (Lloyd and Sharp, 1992). The number of synonymous and non-
synonymous substitutions for all pairwise comparisons were estimated according to the
method of Li et al. (1985) using the program Li93 (Li, 1993a). The percent amino acid
and nucleotide difference between actin genes, as well as the number of variable and
parsimony informative sites were determined using the program Molecular
Evolutionary Genetics Analysis Version 1.01 (MEGA) (Kumar ct al., 1993). Analysis
on intron homology was carried out using the SSEARCH program found in the
FASTA program package (Pearson, 1994). Sequence analysis to dewet gene
conversion was kindly done by Frederik Pratt using a computer program which he is

currently developing as part of his M.Sc. thesis.

Phylogenetic Analysis

Phylogenetic trees were built according to parsimony and neighbor-joining
distance methods. Parsimony is a method of inferring phylogenics which finds the
phylogeny on which the observed characters could have evolved with the least number

of evolutionary changes (Felsenstein, 1988). In general, parsimony gives better
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Accession
Sequence number Organism
Vivx M33963 Volvox carteri
MAc] J01238 Zea mays
SAc! J01298 Glycine max
SAc3 112097 Glycine max
Racl X15865 Oryza sativa
RAc2 X15864 Oryza sativd
RACc3 X15862 Oryza sativa
RACT X15863 Oryza sativa
DcAcl S55573 Daucus carora
DcAc2 S55575 Daucus carota
SoAcl X79378 Sorghum vulgare
PsAcl X68649 Pisum sativum
PsAc2 X67666 Pisum safivum
AAcl M20016 Arabidopsis thaliana
Tobl X63603 Nicotiana tobacum
PoAc58 X55749 Solanum tuberosum
PoAc71 X55750 Solanum tuberosum
PoAc75 X55753 Solanum tuberosum
PoAcY7 X55751 Solanum tuberosum
PoAc99 X00279 Solanum tuberosum
PoAcl0l X55752 Solanum tuberosum

Table 1: Plant actins used in this study obtained from Genbank and Embl databases.
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Sequence Accession number
Giardia lamblia 1.29032
Euplores crassus 104533
Oxytricha nova M22430
Leishmania major Li6061
Trvpanosoma brucei M20310
Trypanosoma crugi U20234
Tetrahymena thermophila M13939
Plasmodium falciparum 1 M19146
Plasmodium falciparum 2 MI18817
Naegleria fowleri 1 MY03L1
Fucus disticus U697
Achlya bisexualis X59936
Phytophthora megasperma X15500
Enmtamoeba histolyca M16339
Dictyostelium discoidenm X03281
Physarum polycephalum M21500
Acanthamoeba castellanii Jo1016
Trichoderna reesei ®¥75421
Aspergillus nidulans M22869
Thermomyces lanuginosus X07463
Candida albicans X16377
Saccharomyces cereviciae Jol1310
Kluyveromyces lactis M25826
Filobasidiella neoformans ul10867
Schizosaccharomyces pombe Y00447
Absidia glauca M64729
Pneumocystis carinii L21183
Caenorhabditis elegans X16796
Drosophila melanogasier 2A K006710
Drosophila melanogaster 5CX K00667
Drosophila melanogaster 79B M18829
Drosophila melanogaster 8TE X12452
Drosophila melanogaster 88F Mig830
Drosophila melanogaster 8F MI18826
Man cytoskeletal beta M10277
Man cytoskeletal gamma M24241
Man enteric gamma X16940
Man skeletal A JO0068
Man vascularA X13839
Xenopus laevis cardiac A X03469
Xenopus laevis cytoskeletal 5 M24769
Xenopus laevis cytoskeletal 8 M24770
Xenopus laevis sarcomeric A2 X05392
Xenopus laevis sarcomeric A3 X12525
Strongylocentrotus purpuratus 2 V1350
Strongylocentrotus purpuratus Hb M35323
Strongylocentrotus purpuratus Iib M35324
Aplysia cxalifornica X52868
Cyprinus caprio beta M24i13
Hvdra attenuaia M32364

Table 2: Protist, animal, and fungal actins obtained from Genbank/Embl databascs
used to generate phylogenetic tree shown in Figurel6. '
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Sequence Taxa Accession number
Giardica lumbiia Protist 1 L29032
Euplotes crassus J04533
Fetshmanta major L16061
Trypanosona brucei M20310
Trypanaosoma crizi U20234
“Tetraliymena thermophila Protist 2 M132039
Acanthamoeba castellanii Jo10i6
Entamocha histolyca A M16339
Entamoeba histolyca B M16340
Entamoeba histolyea C M16341
Entamoeba histolyea [ M19871
Nacgleria fowleri | M90311
Naegleria fowleri 2 M90312
Plasmodium falciparum | M19146
Plasmodium falciparum 2 MI18817
Fucus disticus U11697
Phytophthora megaspernd X15900
Physarum polycephalim Slime molds X07192
Physarum polycephalum 35 M21500
Physanum polycephatum 5 M21501
Physarum polycephalum A10 MI15272
Physarum polycephalun D M59234
Physarum polycephalum B X60788
Dictyostelium discoideun Al2 X03282
Diciyosteliun discoidenm A3S1 X03283
Dictyosteliwm discaidennt A352 X03284
Dictyostelium discotdenm A8 X03281
Trichoderma reesei Fung X75421
Candida albicans X16377
Aspergilus nidulans M22869
Saccharomyces cereviciae J01310
Preumocystis carinil L21183
Kluyveromyces lactis M25826
Schizosaccharomyces pombe Y00447
Filobasidiella neoformans U10867
Thermomyces lanuginosus %x07463
" Caenarhalditis elegans | Animals X16796
Caenarhabditis elegans 2 X16797
Cacnorhabditis elegans 3 X16798
Drosophila melanogaster 2A K00670
Drosophila melanogaster SCX K00667
Drosophila melanogaster 198 M18829
Drosophila melanogaster 871 X124352
Drosophila melanogaster 88F M18830
Drusophila melanogaster 8F M18826
Man bela X00351
Man cyloplasmic beta M10277
Man cytoskeletal gamima M4241
Man cytoskeletal gamn | M19283
Man enteric smooth muscle ganmma X 16940
Man adult skeletal alpha JO0068
Man vascular smooth muscle alpha X13839
Xenopus laevis cardiac X04669
Xenopus laevis cardiac atpha X03469
Xenopus laevis cytoskeletal 5 M24769
Xenopus laevis cytoskeletal 8 M24770
Xenopus laevis sarcomeric alpha 2 X05392
Xenopus laevis sarcomeric alpha 3 X12525
Cyprius caprio beta M24113
Hvdra attennata M32364

Table 3: Protist, animal, and fungal actins obtained from Genbank/Embl databases
used to generate bar graph shown in Figure 21.
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estimates of the true phylogeny when the rates of cvolution are low and the difterent
lincages are evolving at the same rate.

Neighbor-joining is a distance based method of inferring phylogenetic trees
which sequentially identifies neighbor pairs that minimize the total length of the tree
(Saitou and Nei, 1987). Because the neighbor-joining methed does not choose the
shortest tree from all or a large number of trees, but simply builds one by a stepwise
clustering approach of neighbor pairs, it is an ideal method for dealing with rclatively
large data sets relatively quickly. In addition, the neighbor-joining method has been
shown to be quite robust, especially when the rates of cvolution ditfer between lincages
(Saitou and Imanishi, 1989).

The aligned plant actin amino acid and nucleotide sequences were used o
construct parsimony and distance-based phylogenetic trees. The aligned DNA data sct
(excluding third position of codons) was resampled using SEQBOQT to generate 1(})
data sets. Bootstrapping involves the creation of many artificial data scts, cach the
same size as the original one, by random sampling with replacement of the variable
sites in the actual data sets. A recent study has shown that under a wide range of
conditions, groups supporied by bootstrap values of 70% have > 95% probability of
representing true clades (Hillis and Bull, 1993). The program, DNAPARS, was used
to calculate maximurm parsimony trees from each of the 100 data sets and CONSENSE
was used 10 obtain a majority-rule consensus tree using the Volvox actin gene as the
outgroup.

The aligned plant DNA seguences werc also used to calculate Neighbor-joining
trees using the program MEGA (Kumar et al., 1993). The third position of codons was
excluded from the analysis. Distances were estimated using Kimura's 2-parameter
model. The output of this analysis was a majority-rule consensus tree based on 1)

bootstrap data sets. Neighbor-joining distance trees were also calculated from the
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number of non-synonymous substitutions for all pair-wise comparisons of plant actin
genes. The non-synonymous substitutions were estimated using MEGA based on the
Jukes-Cantor model. 100 bootstrap trees were calculated and a majority-rule consensus
trec was obtained.

The aligned plant actin amino acid sequences were used to construct trees in the
same way as the DNA sequences except that PROTPARS was used to calculate the
maximum parsimony trees. The program MEGA (Kumar et al., 1993) was used 1o
calculate neighbor-joining distance trees based on the proportion of zuino acid
differences for all pair-wise comparisons of plant aclin genes. A majority-rule
consensus tree was obtained from 100 bootstap data sets.

Aligned actin amino acid sequences from 45 eukaryoles were also used to
generate a Neighbor-joining tree. However, because the size of this data set exceeded
the memory limitations inherent in running MEGA on a PC, this analysis was carried
out using PHYLIP (sce below). Pairwise distances were calculated based on Dayhoffs
PAM 250 matrix using the program PROTDIST. The Pam matrix is a weighted method
of amino acid change which reflects the empirical probabilities of amino acid
replacement for each possible change and is considered to be more biologically relevant
than other mathematical models of amino acid change (Wilbur, 1985; Dayhoff et al.,
1979). The distance matrix was then used to calculate the shortest Neighbor-joining tree
using the NEIGHBOR program. Pairwise distances were also calculated (as above) for
[(X) bootstrap replicates and a majority rule consensus tree obtained. Because the
consensus tree does not include information on branch lengths, bootstrap values over
50 from the consensus trec were transposed to branches of similar topology on the

shortest Neigishor-joining tree.
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The programs DNAPARS, PROTPARS. PROTDIST, NEIGHBOR,
SEQBOOT, and CONSENSE are all part of the Phylogeny Inference Package, version
3.5 (PHYLIP) (Felsenstein, 1993).

Relative rate tests

The relative rate test is used to determine if sequences evolve at the same rate
relative to a known outgroup. The relative rate test was done according to the method
of Li and Tanimura (1987). The standard error of K ;-K,; was calculated as the

square-root of the variance. The variance was calculated as follows: let,

— (K13 + K23 B Klz)
2

Ko
P=0751- e(ﬁ]

P(1-P)
L 1___p___
0.75

where L is the number of sites compared. Then the variance of K ;-Ky; is given by

Vis =

(3%

V,:+Va,-2V,,. The variances, V,; and Vo, are calculated by taking the square of the

standard error of K,y and K,;, respectively.
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To determine if actin genes are evolving at different rates in different taxa, the
mean number of non-synonymous substitutions (K}, or amino acid substitutions, for
all actin genes in each genome was calculated as described by Wolfe et al. (1987). In
pooling the different genes 10 obtain the mean K, for each taxa, the K, value for each
gene was weighed by its number of sites (L.). The standard error of the mean K, was

calculated as the square-root of the mean variance
~2
V — 2
VK - Z L,‘ 2 Li VK i
[ i

where V, and L, are the variance of K and the L, for the /th gene.
The Students ¢ statistic was used to test the null hypothesis that the relative rate
differences were not significantly different from zero (Zar, 1984). The t statistic was

calculated as follows:

(parameter estimate) — (parameter value hypothesized)
standard error of parameter estimate

where the parameter estimate is (K;-Ko) and the parameter value hypothesized is zero.

When the null hypothesis is not rejected, there is the possibility of having
commitied a type I error, i.e., accepting the null hypothesis when it is false. Therefore,
a power analysis was done to determine if the t-test had a high probability of detecting a
statistically significant difference between the means (i.e., K,; and K,,). The power
was cstimated for the data using the STPLAN program (Brown et al., 1993) running

on a Power Maclntosh computer. The options used were (1) normally distributed
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outcomes, (2) 2-sample with unequal variances, and (3) 2-sided test. The input to the
program was the number of substittions (ie K,; and K,). the sample size (l.c.. the
number of sites), the standard error of K,, and K,,, and the significance level Gi.c..

=0.03).

In doing multiple t-tests, it is possible that the null hypothesis can be rejected
with a certain frequency just by chance. Since the null hypothesis was rejected several
times when determining the relative rate differences between taxa, the sequential
Bonferroni test (Rice, 1989%; Holm, 1979) was used to reduce the possihility ol

mistakingly rejecting the null hypothesis. The sequentional Bonferroni test reduces the
o level depending on the number tests performed and thus reduces the probability ol
falsely rejecting the null hypothesis due to chance alone. The test is performed by lirst
selecting a significance value (1), then replacing the test statistic by its corresponding P
values and ranking these P values from smallest (P,) to highest (Py). where k is the

number of, in this case, t-tests performed. If P, £ o/k, then the corresponding t-test is
judged significant at the “table-wide” o level; if the inequalily is not met, then all t-ests
are nonsignificant at the table-wide o level. If P1 < a/k, then the second smaliest P
value (P,) is analyzed for statistical significance, If P, £ a/(k-1), then this test is also
judged statistically significant at the o table-wide level and the third smallest P valuc
(P,) is analyzed for statistical significance. If P2 > ot/(k-1), then the corresponding test
and all other tests with larger P values are declared nonsignificant at the table wide o

Jevel. This is continued until P is no longer significant at the table wide o level.
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Results

Part I: Description of actin clones

PCR amplification of actin clones

The amino and carboxyl ends of plant actins are extremely well conserved.
Based on this fact, degenerate primers were designed using the plant actin sequences
already available and used to PCR amplify actin genes from the angiosperm species,
potato (Selanum tuberosum), tomato (Lycopersicon esculemtum), tobacco (Nicotiana
tabacum), soybean (Glycine max), and maize (Zea mays). Figure 2 shows the
phylogenetic relationships as well as some of the proposed times of divergence of these
species. PCR was carried out at two different hybridization-temperatures (1 min @
50°C or 2 min @ 54°C) for each species 1o ensure that as many different products were
amplified. Fragments ranging in size from 0.8 10 2.5 kb were amplified for ali five
species. The number of fragments observed ranged from 4 to 10 for each species
depending on the PCR conditions. In addition, given the same PCR conditions, the
number of bands and their intensities also varied due to error associated with the PCR
machine. Therefore, PCR was done at various conditions (see above) and on various
days to maximize the number of PCR products available for cloning. These PCR
products were then cloned into a phagemid vector and sequenced.

PCR was carried out using the enzyme Tag polymerase. This enzyme is known
10 have an error rate of about one in a thousand (Promega). Another enzyme, Pfu
polymerase (Stratagene), which has a ten-fold lower error rate than Tag polymerase,
was also used but failed to amplify any fragments using the same primers as above,
regardless of the PCR conditions.

Table 4 shows the total number of unique actin clones isolated from each

species. Some of the actin sequences in Table 4, such as Soy42, Soy117, Soy120 and
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Table 4: List of actin sequences cloned from each specics in this study. The size of
introns and exons are indicated (in nucleotides). Number besides species name
represents number of clones identified for that species. In some cases (indicated by >
sign) the introns were not completely sequenced, so their size must be larger than
indicated.
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Species Gene Intron 1 Intron 2 Intron 3 Exon 2 Exon 3
Toeo @ ré2 B absent absent %4 vz
P46 8 174 453 304 514
PBS 7 absent absent 394 617
P56 107 20 a5 394 614
P9 109 20 243 204 614
P82 >191 7 186 394 614
Piil-2 absent absent absent k73 611
=[] 19 e 136 3 614
Tomaio (6) Tm3z ] abser 79 1) 614
Tma1 121 24 12 394 614
Tm51 125 8 105 394 814
Trm100 NA NA NA NA NA
Tm52 NA 219 275 3 614
Tm105 o 84 105 34 614
~Tapacco (1) Tooa ® 77 T3 554 31
Ths4 115 7 88 394 614
Tbes 294 72 103 204 814
Tb71 133 =7 >105 27l 614
Too3 10 131 >216 3 614
Tob103 127 85 108 304 814
Tb104 109 138 116 34 614
“Boybaan (12} SoyaZ NA NA NA NA NA
Soy57 127 261 >280 304 614
Soys8 >80 &3 >200 304 614
Soy69 o4 201 81 394 614
Soy70 »78 254 247 394 614
Soy86 88 80 0 3 814
Soy109 | 80 »129 304 614
Soy115 114 29 >309 394 614
Soyi17 NA >350 127 NA 614
Soy118 139 319 >306 34 614
Soy119 134 181 >350 304 614
Soy120 143 336 NA 34 NA
"Maize (11} Mza1 NA NA NA NA NA
Mz58 86 88 13 304 614
Mz&7 NA NA NA NA NA
Mz63 >78 &7 108 34 614
Mz65 ' % »81 393 €06
Mz72 110 NA »>160 NA NA
Mz81 >82 % 113 304 614
Mz83 »74 84 >103 394 614
Mz87 & 04 185 34 514
Mz89 118 76 ¢ 394 614
Mz95 a7 16 >374 34 614
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Mz31 are tuncated clones. While they have been established as representing unigue
clones based on their partial sequences, they were not analyzed further. Presumably,
full length copies of these genes are present in the respective genomes. Clones Tm 100
and Mz57 are also unique and appear to be full length actins, but were not fully
sequenced. The maize actin gene, Mz72, appears to be a pscudogene since it has a large
deletion in the 3’end of exon 2 and in the 5’end of exon 3. This made it difficult 10
determine the location of the intron borders. In some instances, the sequence of the first
and third intron were not completely determined.

A number of these actin genes are identical to actin genes previously cloned and
sequenced (Table 5). For example the potato clones PtlI-2 and Pt19 arc identical in
sequence to the processed pseudogene, PoAc99 (Drouin and Dover, 1987), and
PoAc97 (Drouin and Dover, 1990) respectively. In addition, Suy&6 is nearly identical
to a previously cloned actin gene from soybean, SAc3 (Shah ct al., 1982). It s
surprising that, out of the 42 actin genes cloned and sequenced in this study, only three
were identical to previously cloned actins. This is especially so for soybcan and maize
where 12 and 11 different actins were identified respectively, and yet there was only
one match to a previously cloned actin. Similarly, out of the 8 different actins isolated
for potato, only two matched the five actins previously identificd. These results indicate

that the actin multigene family in these plants may be relatively large.

Actin gene copy number
It is possible to roughly estimatc the number of actin gencs present in the
soybean and potato genomes using the mark-recapture method ecologists use 10

estimate population size. The formula is given by
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Unique Matches to

PCR Genes in previous
Taxa Clones databanks clones Total
Potato 8 6 2 12
Tometo 6 0 0 6
Tobacco 7 1 0 8
Soybean 12 2 1 13
Maize 11 1 0 12
total 44 10 3 51

Table 5: Numbers of actin genes cloned in this study from five plant species. The
number of previously cloned actin genes for these species is shown as well as the
number matches to actins cloned in this study.
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N = nM
X
where N is the total number of actin genes in the genome of the species under study, #
is the number of previously identified actin genes for the same species, M is the total
number of actin genes cloned in this study, and x is the number of matches between the

actin genes previously cloned and the actin genes cloned from this study. The standard

error of N is given by

(N-M)(N—n)
nM(N -1)

N

(Ricklefs, 1990). Accordingly, the number of actin genes in potato and soybecan is
estimated to be 2412 and 24%17, respectively. Since no matches were found for other
species, the actin copy number can not be estimated using this method. These numbers

are in agreement with those obtained using southern analysis (Thangavelu ct al., 1993).

Location and number of introns

The location and the number of introns in angiosperms actin genes is known 10
be conserved. All angiosperm genes cloned and sequenced to date contain three introns
located in the exact same locations along the amino acid sequence. Table 4 lists the aclin
sequences cloned in this study. Because some of the clones have not been completely
sequenced or in some cases they are wruncaled actin sequences, information regarding
size and number of introns is not available. With a few exceptions, all the angiosperm
actin clones contain three introns. The first intron is located between amino acids 20

and 21, the second intron is located after the first base of the codon for amino acid 132,
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and the third intron is located between amino acids 356 and 357. This number system is

bascd on the lirst exon of angiosperm aclin sequences having 20 amino acids.

Intron loss in angiosperm actin genes

While no new intron positions have been found among these actin clones, some
of these genes appear lo have lost one, two or all three introns. The potato actin clone
PuI-2 contains no introns and is identical in sequence to the potato processed
pseudogene (Drouin and Dover, 1987). Processed pseudogenes originate when a
mRNA is reverse transcribed into cDNA (lacking introns) which then integrates back
into the genome (Li and Graur, 1991). The tomato actin clone, Tm32, has lost the
sceond intron while the potato actin clones, Pi42 and Pt 65, have lost their second and
third introns. In all cases the removal of the introns is precise, leaving the coding
sequence in frame. Based on the sequence similarity of the introns as well as the coding
sequence, intron loss in Pt42 and Pt65 most likely represents a single event in the
ancestor of these two sequences. Whether or not intron loss in these tomato and potato
genes represent independent events will be discussed below in the context of

phylogenetic analysis.

Size of introns

In angiosperms, there is a limit on how small intron sequences can be and still
retain their ability to be efficiently spliced out of the pre-mRNA (Goodall and
Filipowicz, 1990). Introns smaller than 68 nucleotides are inefficiently spliced out, or
not at all. The failure of short introns to be spliced in plants and vertebrates could be the
result of steric hindrance preventing the assembly of the full complement of small
nuclear ribonucleoprotein particles (snRNPs) and other factors on the intron. In the

plant actin genes cloned in this study, all introns, with the exception of the first intron
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of the tomato actin clone Tm32, are larger than 68 nucleotides. The average intron
lengths are >109nt, >172nt and >169nt for the first. second and third introns
respectively. These numbers are underestimates because in some cascs the complete
intron sequence was not determined. The size of the introns ranged from 63 nt to 453
nt. It is possible that some of the introns which were not completely sequenced are
longer than 450 nucleotides. As already mentioned, Tm32 contains a stop codon in the
second exon and has lost the second intron. Thus, the fact that it also contains an
intron which is too short to be spliced out also points to it being a pseudogenc.
However, short introns have been found in both plants and animals (Green, 1986).
These could either be inefficiently spliced or could contain special structural features
that bypass the requirement for one or more splicing factors, or have a structure that

allows optimal packing of the splicing factors on the intron.

Conservation of intron splice regions

Angiosperm introns contain consensus sequences at their 5" and 3" ends which
are needed for splicing out of the nuclear mRNAs (White et al., 1992; Perlman et al,
1990). With some exceptions, all the introns of the actin clones contained the typical
invariant dinucleotides at their 5” and 3’ ends. The 5° ends of these introns begin with
GT and terminate at their 3 ends with the AG dinucleotide. However, the sceond
intron of Soy115 and Mz95 as well as the third intron of P146, Tm31, Tb103 start with
the dinucleotide GC. At the 3"end, clones Tb104, and Soy69 end with the dinucleotide

AT. Whether or not these changes affect the splicing out of these introns is not known.
No conservation of intron sequences

Evolutionary rates of nucleotide substitution in noncoding regions are typically

significantly higher than those of coding regions (Li and Graur, 1991). This is
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reflective of the relatively low selective constraints operating on noncoding relative 10
coding DNA. It is therefore not surprising that there is not much conservation in both
the size and nucleotide sequence between the respective introns of the different actin
sequences. However, there are some exceptions. In these cases the genes have either
diverged from one another relatively recently and not enough nucleotide changes have

accumulated or gene conversion has homogenized the sequences (see below).

Size of coding region conserved

The size of the actin coding region is known to be well conserved among
cukaryotes (reviewed in Shetterline and Sparrow, 1994). Table 4 lists the size of exons
2 and 3 for all the clones identified in this study. The size of these two exons is very
conserved, exon 2 and exon 3 being 394 and 614 nucleotides long, respectively.
However, some clones vary a little in size. The potato clone Pi42 has a 12 base pair
deletion in exon 3 which does not affect the reading frame. In ﬁddition, the potato
clone P65 has a three nucleotide insertion in exon 3 in the same region as the deletion
in Pt42 and also does not affect the reading frame. This deletion and insertion is in a
variable region of the coding sequence (see Figure 4) so it is not known if the products
of these two genes are aclive. As mentioned above, these two genes also lack introns 2
and 3.

The tobacco clone Tb71 has two single nucleotide deletions in exon 2 which
affect the reading frame by producing two stop codons. The maize clone Mz65 has a
single base deletion in exon 2 and various others in exon 3 which aftect the reading
{rame. Mz65 also has the highest G+C content of all the plant actin sequences known to
date (see below). Thus both these actin clones are likely pseudogenes. The clone Mz65
will not be included in the phylogenetic studies because t00 many gaps needed to be

introduced into the alignment.
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Amino acid alignment

The amino acid sequences for most of the actin clones identified in this study
were deduced from their respective  nucleotide sequences and aligned with other
previously identified plant actin amino acid sequences as well as an actin sequence {rom
Volvox carteri (Figure 4). As mentioned already, the size of these proteins is very well
conserved and very few gaps arc needed to generate an unambiguous alignment. The
amino acid alignment also gives a graphic representation of the high degree of
conservation of plant actins. The plant actin amino acid sequence has been demarcated
into blocks A through H. These areas have been shown to be highly conserved in
animal actin sequences and represent regions in the animal actin proteins responsible for
actin-actin and actin-binding-protein interactions (Reece ¢t al., 1992). From the
alignment, it is obvious that most amino acid changes occur for the most parl outside
these blocks, especially in the areas between blocks F z_md G. The higher degree ol
conservation in these blocks suggests that the same areas of the plant aclin sequences

are also responsible for protein-protein interactions.

Variation in amino acid and nucleotide sequences

Table 6 shows the pairwise comparisons of percent amino acid and nucleotide
differences between 53 plant actin genes (including the Volvox actin gene). Actin
nucleotide sequences can vary as much as 21-25% both within and belween specics.
This suggests that the actin multigene family may be equally old in all these lincages.
The fact this level of variation is also obscrved between the Volvox actin gene and all
the other plant aclin genes suggests that variation in nucleotide sequence between some

plant actin genes has reached a saturation point. This observation is consistent with the
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Figure 4: Amino acid alignment of 54 plant actins. Regions under the solid line labelled A through
H represent regions of high sequence conservation with animal actin genes. Dols represent identical
amino acid residues to top sequence. Stop codons are represented by the * symbol. Unknown amino
acids arc denoted by a question mark (?), and introduced gaps arc denoted by hyphens (-). In cases where
a frame shift mutation occurred, the frame was corrected by inserting N in the nucleotide sequence and
these codons are denoted by X in the amino acid alignment.
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Table 6: Pairwise comparisons of percent amino acid differences (above diagonal) and
percent nucleotide differences (below diagonal) between 53 plant actin genes. Numbers
i: the top row refer to the corresponding numbered genes in the first column. Boxed
a+as represent pairwise comparisons within a single species.
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actin protein being under strong {unctional constraints and thus limiting the amount of
possible nucleotide change.

At the amino acid level, aclin sequences in plants (not including Volvox, Sacl
and PoAcY9) vary from 0-14%. Within a species, the rice actin genes are unique in that
none of them differ from one another by less than 8%. This could be the result of
having too few genes in rice available for comparison (i.e. limited sampling of rice
genes). Alternatively, if the actin multigene family in rice is small, it could mean that
most of the actin genes are ancient. The actin multigene family in vice is thought to be
composed of at least 8 members. The variation in amino acid sequences is 0-9% in
potato (not including PoAc99), 2-12% in maize, 3-8% in tobacco, 3-11% in tomato,
and 2-9% in soybean (not including Sacl). The low variation observed in tobacco and
tomato could be the result of having fewer genes for comparison.

In every species there are actin genes which are more similar, in both amino
acid and nucleotide sequence, to actins of other species than they are to those within the
same species (also see phylogenetic trees below). For example, the tomato actin genes
vary from each other by more than 17% in their nucleotide sequence, yet Tm52 and
Tma41 ditter by only 2% from Pt79 and PoAc97, respectively. Similarly, some of the
rice actin genes dilfer by as little as 3% in their amino acid sequence to actins of other
species. The fact that there are genes within each species which are more similar to
actins from other species suggest that many of these actin genes may be orthologous
(sce below).

At the amino acid level, the highest sequence divergence (up to as much as
19%) oceurs with comparisons 10 the potato processed pseudogene, PoAc99. This is
expected since this gene is no longer under any functional constraints. The difference

between plant actin amino acid sequences and the Volvox actin varies from 8-16%. A



Moniz de 8i

high amino acid sequence divergence (9-16%) is also obscrved with comparisons to the

soybean actin gene, Sacl. This suggests that Sacl may also be a pscudogene.

Part II: C+G content and codon usage
G+C content of genes

The G+C content of angiosperm actin genes varies within a relatively narrow
range between 42% (Pt82) and 65% (Mz65) (Figure 5) and dicots have lower G+C
content than that of monocots. Out of 14 monocot genes looked at, 13 of these had
higher G+C contents than all of the dicot actin sequences. The average G+C content for
dicot actins is 46% + 2% whereas in monocots the average is significantly higher (34%
+ 4%). Within dicots there is not any siatistical difference in the G+C content of actin
genes between the different species. The same can be said for monocots, although the
sample size is smaller. Interestingly, the gene with the highest G+C content is Mz65,
which appears to be a pseudogene due o its many frameshift mutations. This suggests
that in the absence of selection, its G+C content has drifted to the average G+C content

of the maize genome (Campbell and Gowri, 1990).

Effect of G+C content on codon usage

Since there is a significant difference in the G+C content  between dicot and
monocot actins, we wished to determine if this difference has some cffect on the codon
usage patterns of dicot and monocot actins. If such a difference exists it will best show
up in the third position of codons since it is degenerate and therelore is less constrained
by selective forces. Figure 6 shows the frequency of G+C at the third codon position
plotied against the frequency of A ai the same position. The G+C content at the 3rd
posiiion of codons in plant actin genes is distributed over a large range. The frequency

of G+C at the third position of codons can be as low as 32% for dicot actin gencs and
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as high as 86% for monocots. In general, dicot actin genes have a bias for codons
ending in A or T while monocot actins have a preference for codons ending with G or
C. The average G+C content at the third position for dicots and monocots is 43% * 5%
and 63% + 10%, respectively. This codon usage bias determined from the G+C content
of the third position of codons is expected to affect only synonymous substitution

patterns and not the non-synonymous substitution patterns.

Effect of G+C content on amino acid usage

To determine if the differences in codon usage between dicot and monocot actin
genes caused by differences in G+C content affect the non-synonymous substitution
pattern, and thus the amino acid sequence, the effect of the G+C content of the gene on
the G+C content of the individual codon positions was studied. Figure 7 shows that
there is no correlation between the G+C content of the gene with the G+C content at the
first and second position of codons. Thus, the G+C content of the genes, even between
monocots and dicots, has no effect on the non-synonymous substitution patterns. As
expected, the G+C content at the third position of codons is directly correlated with the
overall G+C content of the coding region and thus the synonymous substitution
patterns are not independent of G+C content.

These results indicate that using the synonymous rates cf substitution to
construct distance-based phylogenetic trees or including the third position of codons to
construct parsimony trees will result in biases. It is likely that genes may cluster on the
wee based on shared G+C content at the third position of codons, or because they have
smaller synonymous distances associated with them as a result. Therefore phylogenetic
wees will be constructed either by using only the first and second position. of codons or
non-synonymous substitutions. This will ensure that genes will cluster on the tree

because they are of common descent rather than by spuriously shared G+C contents.
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Effect of intron G+C content on coding region

The G+C content of coding regions is usually characteristic of the overall G+C
content of the genome or localized areas where they are located (Mouchiroud and
Bernardi, 1993). The G+C content of introns is most likely to represent that of the
genome in general since most of it is nonceding and both should therefore converge
toward the same G+C content. Plotting the G+C content of the third position of codons
from the actin gene versus that of their respective introns shows that the G+C content
of the coding region is mot significantly influenced by the G+C content of the
surrounding non-coding sequences (Figure 8). All plant actins introns studied were
found to be AT-rich. Similar observations have been noted for angiosperm introns in

general (Goodall and Filipowicz, 1990).

Part 1II: Phylogeny of actin genes
Phylogeny of angiosperm actin genes

The amino acid and nucleotide alignments were used o generate phylogenetic
wrees based on neighbor-joining and parsimony methods. Since angiosperm actin genes
are known o be monophyletic (Shetterline and Sparrow, 1994; this study, see below),
the Volvox actin gene is used as the outgroup for all trees generated.

The maximum parsimony and neighbor-joining trees based on the actin amino
acid scquences are shown in Figures 9 and 10, respectively. Both these trees are
characterized by very low bootstrap values, especially in the deep nodes. The neighbor-
joining trees based on the non-synonymous substitutions and the first and second
position of codons as well as the maximum parsimony tree based on the first and
second position of codons are shown in Figures 11, 12, and 13, respectively. In
general, these wees gave higher bootstrap values than trees based on amino acid data.

This is likely because the nucleotide data set is larger. The amino acid data set contained
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a total of 342.sites, 211 of which are variable and 67 of which arc parsimony-
informative. In contrast, the nucleotide data set for codon positions | and 2 consists of
a total of 688 sites, 330 of which are variable and 139 of which are parsimony-
informative. Thus, the nucleotide data set has about iwice as many variable and
parsimony-informative sites as the amino acid data set. Therefore, the phylogenetic
trees based on the nucleotide data set are probably more reliable since they are based on
more information.

In all the plant actin trees (Figures 9-13), the bootstrap values are generally
higher for external than internal nodes. Nodes with low bootstrap values indicate that
not enongh information is available to give firm support for the particular topology. The
lack of phylogenetic information supporting these internal nodes suggests that the actin
multigene family in plants underwent many duplication events carly in its evolution and
consequently these internal nodes are clustering together. Because the aclin gencs are
very conserved, not enough changes have occurred to support any particular topology
concerning the deep nodes. This is well illusirated in the radial tree shown in Figure 14.

While there is not much support for the arrangement of deep nodes in all the
trees, there is nonetheless some congruence between the trees concerning the
composition of some of the long branches, especially in the DNA-based trees (Figures
11-14). There appears to be three main lineages of plant actin genes, two of which are
comprised of only dicot actin genes and the other consisting of only monocot actin
genes arranged paraphyleticaly. However, not all monocot and dicot actin gencs fall
into these three main lineages. For example, the Arabidopsis aclin gene, AAcl,
consistently comes out as the sister group to all the other angiosperm aclin genes
(except in the neighbor-joining tree based on amino acid data, for which there is little
bootstrap support). Also, the position of the rice and sorghum actin genes, Racl and

SoAcl, are quite variable with respect to other main branches, as reflected by their low
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hootstrap values. Within each of the three actin lincages, there are genes which always
cluster together in all the trees and for which there is good bootstrap support. In Figure
13, the genes which grouped together in all the DNA-based trees have been highlighted
in bold. Many of these phylogenetic relationships arc also supported by the amino acid-
based trees. There is much stability in the topology of the trees within these small
clusters of genes. However, the various trees show some variation in the way these
clusters of genes are related to one another and this is reflected in their low bootstrap
values.

Perhaps the most significant result from the phylogenetic analysis of plant actin
genes is that the small consistent clusters of actin genes are composed of genes [rom
more than one species. In addition, the phylogenetic trees show that in several cases the
local topologies are similar 10 the topology of the species tree (Figure 2). Thus, it could
be that these genes are related to one another through speciation events and may
therefore be orthologous. For example, the DNA-based urees consistently group the
genes P66, Pt79, Tm52, and Tb93 together and the topology is the same as that for the
known relationships of the species to which these genes belong. If this is the case, the
two potato genes, P66 and P179, are the result of a gene duplication which occurred
after the speciation event which gave rise to potato and tomato.

In total 6 different groups of potential orthologous genes have been identified.
These putative orthologues have been isolated from the larger trees and ar¢ shown in
Figure 15. One of these groups of potential orthologues is represented by genes from 4
different species, four of these groups are represented by genes from three different
species, and one of the groups are represented by genes from only two species. The
importance of identifying true orthologous members can not be understated. The use of
orthologous genes from species whose divergence times arc known is the only way to

determine the rate of gene evolution. By identifying different sets of orthologous
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members from different species, independent rates of evolution can be derived and
compared. In addition, it is important to calculate rates of evolution using orthologous
genes from species with different divergence times. In this way, it is possible 10 assess
if the rate of evelution is constant, i.e., to determine if there is a molecular clock. So far
putative orthologous genes have been identified simply by their interrelationships in
phylogenetic trees. Other lines of evidence are consistent with the hypothesis that these
genes are orthologous. In the case of the potato genes, Pi42 and Pt65, and the tomato
gene Tm32, the number of introns possessed by these penes is particularly relevant. As
already noted above, Tm32 has lost intron 2 and the two potato gencs, P142 and P65,
have lost introns 2 and 3. Given the phylogenetic relationship of these genes, it is
possible that intron loss occurred through a two-step process. It could be that intron 2
was lost first in the ancestor of potato and tomato, and intron 3 was lost subsequently
in the line leading to potato subsequent to the potato-tomato divergence. Thus, the fact
that all three genes, Pt42, Pt65, and Tm32, have lost intron 2 is consistent with their
status as putative orthologous members.

The putative orthologue to Tm32, P165, and Pt42 in tobacco is Tob1, which has
been shown to be expressed only in pollen (Thangavelu et al., 1993). The cxpression
pattern of Tob1 is relevant in this case because the intron loss events in the potato and
tomato genes must have occurred in germ line tissue, or tissue leading up to it, in order
for these genes lacking introns to be fixed in the species. This suggests that the
ancestral gene to Tm32, Pt65, and Pt42, which contained all three introns, was also
expressed in the germline tissue and had a similar expression pattem 10 Tobl. This
scenario is consistent with Tobl being orthologous to Tm32, P165, and P142.

If orthologous genes belong to species which have diverged relatively recently,
it may still be possible to detect some sequence homology between their noncoding

sequences, such as introns. The intron sequences of each putative orthologuc were
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spliced together and used in pairwisc comparisons using the sequence search program,
SSEARCH., found in the FASTA program package (Pearscn, 1994). Splicing the
introns together considerably reduced the total number of pair-wise comparisons. Table
7 shows the percent nucleotide sequence identity over a given overlap region as well as
the Smith-Waterman scores for the pairwise comparisons of introns from putative
orthologues. The Smith-Waterman score is an optimized score which takes into account
the total number of nucleotide matches and mismatches, insertions and deletions, and
the length of the sequence. The introns of putative orthologues from closely related
species, such as potato and tomaio (Borisjuk et al., 1993), retain a high level of
sequence similarity, about 88% spanning a region of 450-500 nucleotides, and gave
high s-w scores. The fact that the percent identity is similar between the introns for both
pairs of potato and tomato putative orthologues (ie. Pt66/Tm52 and P197/Tm41) is
consistent with them having a similar divergence time from a common ancestor. The
low s-w store observed between the intron sequences of Pi65 and Tm32, and Pi65 and
P42, is dué to the fact that only intron 1 is present in Pt65 and Pt42, and consequently
the region of overlap is much shorter.

The plant lineage leading to soybean and that leading to the Solanaceae last
shared a comman ancestor about 110 MY ago. Although the fact that angiosperm actin
introns all show a relatively high A+T content, and that this might introduce a bias
favoring high alignment scores, the aligned regions with more than 55% similarity over
more than 150 bases between these two lineages are likely significant (see Figure 8;
Pearson and Lipman, 1985). In general, there is a higher sequence identity between the
introns of tobacco actins and their putative orthologues in potato and tomato than there
is, as expected, between those introns of soybean and those of the putative orthologues

in the Solanaceae. Thus, the fact that some similarity still exists between the noncoding
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Pulafive orthologues Tdentity of infrons per ovetlap region S-W scote’
“PEE-Pi7e STEFBa 1653
PLE6 - Tm52 89.19%/496 nt 1549
Tboa - P66 61.0%/551 nt 471
Tb93 - Tm52 62.8%/266 nt 279
a2 -Pes B2/ 775 157
Pt85 - Tm32 79.5%/39 nt 88
Tob1 - P65 65.0%/80 nt 85
Tob1 - Tm32 89,7929 nt 86
PoAca7 - a1 8837454 nt 1382
Th71 - PoAcS? T6.8%/271 nt 806
Th71-Tmai 66.4%/434 nt 57
Soy118 - Tm41 55.19/276 nt 13
Soy118 - PoAcs7? 57.5%/214 nt 110
Soy118 - Tb71 58.6%/203 nt 132
Soy118 - soy69 57.7%/215nt 123
“TE66 - POACTO1 720700529 ™ [
Soy57 - PoAC1ON 55.7%/221 nt 8
Soy57 - Thes 57.1%/224 nt 74
Tb54 - Tmd1 61.4%298 nt 20
Tb103 - Tm51 66.6%/329 nt 408
Th103 - Tb54 62.1%/322 nt 221
Soys8 - Tm51 56.5%/154 nt =g
Soy58 - Tbs4 58.1%/M155 nt
Soy58 - Tb103 §9.3%/145 nt 103
Soy58 - SoyBt 71.1%/249 nt 407
Soys8 - Soy109 70.0%/277 nt 421
SAc3 - Tm51 59,3%/209 nt 116
SAc3 - Tb54 56,1%/223 nt 118
SAc3-Th103 57.5%M79nt 5 o]
SAc3 - Soys8 69.7%/251 nt 05
SAc3- SoyB6 98.4%/247 n't e
SAc3 - Soy109 86.3%/255 nt 727

* Smith-Waterman score.
Note: Comparison between Pt65 and Tm32 based on intron 1, and comparison between Tobl and T'm32 based
on introns 1 and 3. Sacl comparisons not included because this gene is likely a pseudogene (see above).

Table 7: Nucleotide sequence comparisons between introns 1, 2 and 3 of putative
plant actin orthologues.
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sequence of some tobacco actin genes and those of potato and tomato actin genes is
consistent with the hypothesis that these genes are orthologous members.

By assuming a molecular clock or homogeneous rates of substitutions, different
sets of orthologous genes from the same species should all have accumulated the same
number of nucleotide substitutions since they will all have diverged from a common
ancestor at the same time. Thus, by comparing the number of non-synonymous
changes, or the synonymous changes if these have not been saturated, between
different sets of putative orthologues, it is possible to add support for their status as
orthologous members. The independently calculated synonymous and nonsynonymous
rales of evolution are not significantly different between different sets of putative
orthologues (sec below).

One way to test if genes are orthologous is by Southern blot analysis. The idea
is that probing a relevant genomic southern using two orthologous members should
result in roughly similar patterns of hybridization. Work is currently underway to test

orthologues in such a manner.

Phylogeny of eukaryotic actins

In order to put the evolution of plant actin genes in a larger coniext,
representative plant actin amino acid sequences were aligned with those of animals,
fungi and protists and used to construct a neighbor-joining tree using the Giardid
Jamblia actin as an outgroup (Figurel6). There is very solid ultrastructural, protein-
hased and rRNA-based phylogenetic studies which suggest that Giardia represents one
of the most divergent eukaryotes, making it an appropriate outgroup (Gupta et al.,
1994: Hashimoto ct al., 1994; Cavalier-Smith, 1991b.c; Sogin, 1991).

This tree in Figure 16 supports the idea that the actin multigene family in

angiosperms is monophyletic and that their most recent common ancestor is with an
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Figure 16: Majority-rule bootstrap consensus (ree based on neighbor-joining analysis of
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actin genc from green algae. Extrapolating from the gene tree, it is inferred that
angiosperms are a monophyletic group. Taking 750 MY as the time of divergence
between land plants and green algae (Volvox), the tree suggests that plant (angiosperm)
actins may all have shared a common ancestor as recently as 300-400 MY ago.

Figure 16 also shows that the rate of evolution of actin genes is not constant
among diffcrent lineages. Considerably more actin amino acid sequence variation is
observed within plants than in animals. This suggests that either the actin multigene
family in plants is more ancient than in animals or that it is evolving faster. Humans
have last shared a common ancestor with carp and Xenopus 400 and 350 MY ago,
respectively (Li and Graur, 1991). Yet, judging from the low levels of sequence
variation among their cytoplasmic actins, it must be concluded that plant actin genes
are, indeed, evolving faster. Similarly, actins in fungi are also evolving faster than in
animals. For example, the divergence between Candida and Saccharomyces 1s
estimated to be about 150 MY ago (Berbee and Taylor, 1993), considerably less than
the divergence between carp and humans. Yet the amino acid sequence divergence
between these two fungi is substantially greater than that observed between the carp and
human actin genes. Since the fungi shown in the tree (Figure 16) all contain single copy
actin genes, it is unlikely that the great variation in actin amino acid sequence observed
within these fungi is a result of comparing paralogous genes.

The eukaryotic actin tree shown in Figure 16 also shows that actin genes in
animals as well as those of fungi are also monophyletic. Thus, the gene duplications
which led to the diverse actin isotypes in animals occurred after the appearance of
animals. Therefore, one can extrapolate from the actin gene tree O infer that both
animals and fungi are monophyletic groups. This conclusion is consistent with
phylogenetic trees based on 188 rRNA genes (Cavalier-Smith et al., 1994; Wainwright
et al., 1993; Sogin, 1991; Hendriks et al., 1989; Gouy and Li, 1989). The tree also
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indicates that animals are more closely related to fungi than cither is to plants. In
addition, plants, animals and fungi appear to have evolved almost simultancously,
having had a common ancestor relatively recently in terms of eukaryotic evolution.

The slime molds, which are represented by Dictyostelium discoidenm and
Physarum polycephalum, also appear to be more closely related 1o the true fungi and
animals than they are to plants. This placement is at odds with the TRNA uees
(Cavalier-Smith, 1993; Wainwright et al., 1993; Hendriks et al., 1989; Gundcrson ¢t
al., 1987). In addition, there is very strong bootstrap support for grouping the slime
molds with Acanthamoeba castellanii., a Rhizopod. The actin amino acid trec also
provides strong support o the grouping of the brown algae Fucus disticus with the
Qomycete species Achlya bisexualis and Phytophthora megasperma and shows that this
lincage is not related Lo higher fungi. These conclusions are consistent with rRNA
phylogenies (Cavalier-Smith et al., 1994; Gunderson et al., 1987). Entamoeba
histolyca, a gut parasite lacking mitochondria, does not group close to Giardia lamblia
(also lacking mitochondria), but rather comes out as the sister group o plants, lungi,
slime molds and animals to the exclusion of other protists. These conclusions are
ditferent from rRNA phylogenies (Cavalier-Smith, 1993; Sogin, 1991).

The actin based tree also supports the idea, now becoming widespread, that the
deepest branches of eukaryotic evolution lie not within or between plants, fungi and
animals, but among the other protist lineages (Schlegel, 1994). This is clearly
demonstrated from the relatively long branch lengths, especially those associated with
Giardia, Euploites, Tetrahymena and the Trypanosomes. This confirms other molecular
evidence suggesting that the eukaryotic lineage is a very ancient one, and that perhaps
for most of their evolutionary history eukaryotes were amitochondrial unicellular

organisms (Schegel, 1994).

76



Moniz de Sa

Part 1V: Gene conversion

The above phylogenetic analysis of 53 plant actin genes shows that in some
cases actin genes from the same taxa consistently group together. This could be the
result of gene duplication events which occurred after speciation, since the actin
multigene family in plants is known (o be ancient (see below) and probably underwent
gene duplication events prior to the divergence of dicots and monocots. On the other
hand, the fact that most of the monocot actin genes consistently group together suggests
that gene conversion might also be a factor in the evolution of plant actin genes.

To detect gene conversion among plant actin genes, a compuier program was
developed (Pratt and Drouin, unpublished) based on the method of Sawyer (1989).
Briefly, this program takes a DNA alignment, and compares the distribution of
polymorphic informative sites to that of a randomly generated data set.

Using this method, several significant gene conversion events have been
detected in the coding regions of maize actin genes. Alignment of both the coding and
non-coding regions (introns) of these genes clearly shows the gene regions which have
been subject to gene conversion events (Figures 17 and 18). The gene conversion event
between the two maize genes, Mz56 and Mz81, is localized to the 3" end of the genes
and spans, roughly, the last 130 bases of exon 3 as well as all of intron three (Figure
17). Outside this gene conversion event, nucleotide substitutions are scattered along the
coding sequence, and as expected, the intron sequences have diverged to a point where
they can no longer be aligned. In contrast, only one nucleotide substitution is observed
in the coding region where the gene conversion occurred. Even more striking is that
only onc nucleotide substitution is observed in intron 4, suggesting that the sequence
similarity is detinitely due 1o gene conversion and not to a conservation of sequence due

1o selective constraints. The lack of nucleotide substitutions within the area of gene
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conversion implies that the gene conversion event occurred relatively recently. Since
only a relatively small portion of the coding scquence is involved in the gene
conversion event, it explains why these two genes do not cluster together in the
phylogenetic trees with respect to other monocot genes.

Gene conversion has also detected between Mz56 and Mz63 (Figure 18). This
gene conversion event is more extensive than the one described above, also involving
Mz56. This gene conversion event spans intron 1 through most of exon 3. Intron 4 is
not affected by the gene conversion event and is, as expected, not alignable. The Tow
number of nucleotide substitutions observed in the region of gene conversion indicated
that gene conversion occurred relatively recently. Since the gene conversion is large
enough 10 homogenize most of the coding sequences between Mz56 and Mz63, it is not
surprising that these two genes cluster together in all the phylogenetic trees. Given the
large number of genes in the maize genome, the fact that the maize actin gene Mz56 is
involved in both of the gene couversion events detected in this specics, might indicate
that it is Mz56 that converted the two others.

The fact that the introns were also involved in these two gene conversion cvents

indicate that gene conversion did not proceed via a cDNA intermediate.

Part V: Rates of evolution of angiosperm actin genes
Relative rate tests

In order to determine the rates of evolution of angiosperm actin genes from the
known divergence times ol orthologous genes and the number of substitutions that
have occurred between them, it is important to first determine if the rate of nucleotide
substitution is the same for all sets of putative orthologues. If the rate of evolution is
constant, then the rate can b applied to ali genes and reasonably accurate estimates of

their times of divergence can be obtained by simply knowing the amnunt of nucleotide
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substitutions which have taken place between any given pair of gencs (assuming no
gene conversion).

To determine if the actin genes arc evolving at a constant rate, the relative rate
test was applicd (Li and Tanimura, 1987; Sarich and Wilson. 1973). This test is
illugtrated in Figure 19. 1 the rate of evolution has been constant since gene 1 and 2
diverged, the number of nucleotide substitutions between gene | and gene 3 and
between gene 2 and gene 3 should be the same. The null hypothesis
being tested is that the difference in the rawe between the two genes (K, -K,,) 1s 7ero,
This test does not require any knowledge of divergence times, but does require that the
reference gene (the outgroup) branched off carlier than the divergence between the
genes being compared.

Table & shows all pair-wise comparisons of (he number of nen-synonymous
differences within each putative orthologous group of genes using the relative rate test.
The Volvox actin gene (VIvx) is used as the reference gene for all comparisons. In all
cases the difference in rate estimated from K, ,-K,, is not significantly different from
zero (Students t-test, P>0.05). A power analysis showed that the data is large enough
that had there been a significant difference in the rate it would have heen detected.
Thus. it is concluded that the non-synonymous rate of substitution within cach set of
putative orthologous genes is constont.

The relative rate test was also applied to the synonymous differences within
cach putative orthologous group (Table 9). In this case the Volvox actin gene could not
be used as a reference gene since its time of divergence from plant actin gencs is much
too great resulting in saturation of substitutions al synonymous sites. Therelore,
appropriate outgroups were chosen for each putative orthologous group based on the
fact that synonymous differences were not saturated and taking into consideration the

results from the phylogenetic analysis. The results (Table 9) indicate that dif] ferences in
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Figure 19: Phylogenetic tree used in the relative rate test. The common ancestor of
genes 1 and 2 is denoted by O. The extant outgroup L0 genes 1 and 2 is denoted by 3.
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Gene 1 Gene 2 K2 K-z

Tmst Th54 15.3+ 4.7 -8.3+159
Tms51 Th103 124443 274157
Tms1 Soy58 15.4+ 4.8 3.1+ 1586
Tms1 Soy109 20455 -9.6 1 16.0
Th54 7103 17.5+5.1 5.7+ 16.1
Th54 Sov58 19.0+5.3 5.2+ 16.1
Th54 Soy108 26.6+£6.3 -1.2+16.4
Th103 Soy58 15.0+4.7 -0.5415.8
Tb103 Soy109 20.9+586 -8.9:£ 161
Soy58 Soy109 13.1 4.4 -6.4 1 16.2
Th53 Tm105 35.6 +7.3 -10.7£16.8
PoAc101 Tbes 135+ 4.4 -1.7£151
PoAc101 Soy57 20.9+6.7 -554+ 15.6
Tb66 Soy57 31.4£69 -3.8+15.6
Tmdt PoAcS7 58429 1.3+ 16.0
Tm41 Tb71 32870 235+ 173
Tmd1 Soy118 22157 56+157
PoAc 97 Th71 30.1+8.7 -248+17.2
PoAc97 Soy118 19.1+£5.3 43+ 16.0
Tb71 Soy118 418179 291+17.0
Tob1 Pta2 25.816.2 -531£15.4
Tob? Tm32 17.6+5.1 -8.7+15.8
P4z Tm3z 25.0+6.1 -4.4£15.9
Tb93 Pt79 10.6 £3.9 581153
Tb83 Tms2 15.0+ 4.7 25%155
Tmb2 P78 435+ 25 3.2%151

The average number of non-synonymous sites compared (L} is 688.
None of the relative rate differences {K,,-K,,) are significantly different from zero at the 5% level.
A positive value means that gene 1 evolves fasler, a negative value means that gane 2 evolves faster.

Table 8: Relative rate test using the number of non-synonymous substitutions per 1000
sites. i“olvox actin gene is used as the outgroup. Number after the & sigr is the standard
error.
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Gene 1 Gene 2 Kiz Ki3-Kzg
OQutgroup = MAc1

Tm51 Th54 571 £ 7.5 -11.7 +40.1
Outgroup = Soy57

PoAci01 Thb66 35.1 + 5.2 10.2 + 30.5
Outgroup = Soy118

Tm41 PoAc97 7.9 + 22 147 £ 21.6
Tm41 Te71 28.3 £ 45 1.2 £ 23.2
PoAc 97 Tb71 25.9 + 43 -13.5 + 21.8
Outgroup = Tb104

Tb53 Tm105 29.9+4.7 -1.2+10.5
Outgroup = PoAc58

Tob1 Pt42 60.1 + 7.7 11.1 £ 26.2
Tob1 Tm32 g86.5 = 10.9 -24.7 * 31.4
Pt42 Tm32 506 £ 6.9 -36.0 + 30.7
Thg3 Pt78 328 £+ 5.0 34.0 £ 374
Th93 Tmb2 32.6+ 5.0 27.4 + 384
Tms52 Pt79 9.2 + 24 6.1 + 32.0

The average nurmber of synonymous sites compared (L) is 184.
None of the relative rate differences {(K,-K,,) are significantly different from zero at the 5% level.

Table 9: Relative rate lest using the number of synonymous substitutions per 100
sitcs. A constant outgroup could not be used for all genes because of saturation at
synonymous sites between divergent genes. Number after the * sign is the standard
eITor.
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the synonymous rates are also not significantly different from zero (P>0.05). Thus. the
genes within each putative orthologous sct are cvolving at the same rale at their
synonymous sites.

The above relative ratc tests were confined to testing for ditferences in rate
within groups of putative orthologous genes. To determine if the rates of cvolution in
actin genes differ between species or between monocots and dicots, the mean number
of non-synonymous differences for actin genes within cach specics was calculated
relative to the Volvex actin gene (Tabie 10) and used in the relative raie test (Table 11).
The results indicate that actin genes in almost all the lincages studies here are evolving
at a roughly similar rate. A power analysis showed that the data set is large cnough that
had there been a significant difference in the rate it would have been detected.
However, the rice actin genes appear to be evolving significantly faster than thosc of

potato at an o level of 5% but not at the Bonferroni corrected o level of 0.33%. 1t is

noted however, that, although not significatly different {rom zero, the actin genes of
monocots are evolving slightly faster than those of dicots. It is possible that had a
closer outgroup been used (rather than the Volvox actin gene), statistically significant
differences might have been revealed.

To determine il actin genes are evolving at similar rates among different
sukaryotic lineages, the mean number of estimated nucleotide substitutions at the
second position of codons was calculated relative to the Fucus disticus actin and used in
the relative rate test (Table 12). The second position of codons was used because, in
eukaryotes as a whole, a correlation was found between the first position of codons and
the G+C content of the gene (R*=0.5). The results indicate that the differences in the
rate of evolution of actin genes between animals, fungi, and angiosperms ar¢ not

sigl. icantly different. The actin genes in slime molds are evolving significantly slower
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Taxa K.,

Tomato 81.17 +11.35
Potato 75.23 *+10.88
Tobacco 7797 +£11.10
Soybean 83.49 +11.54
Maize 87.65 +11.87
Rice 110.32 £ 13.48
Dicots 80.13 =11.27
Monocots 94.20 +12.36

Table 10: Mean number of non-synonymous (Kn) substitutions and standard errors
(per 1000 sites) for all actins within cach taxa relative to the Volvox actin. The total
number of non-synonymous sites is 688. The mean for all dicot species include data
from ail species shown in Figure 11. The mean for monocots include ali the monocot
species shown in Figure 11, (The following genes were ommited from analysis
because they are pseudogenes: Tm32. P42, P65, Tb71, Sacl and Mz65).
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TAXON 1 TAXON KKy

Tomato Potato 594 £ 15.72
Tomato Tobacco 3.20 £ 15.86
Tomato Soybean -2.32+£16.19
Tomato Maize -6.48 + 16.42
Tomato Rice -29.15 + 17.62
Potato Tobacco -2.74 £ 15.54
Potato Soybean -8.26 £ 15.86
Potato Maize -12.42 + 16.10
Potato Rice *-35.09 +17.32
Tobacco Soybean -5.52 + 16.01
Tobacco Maize -9.68 & 16.25
Tobacco Rice -32.35 £ 17.46
Soybean Maize -4.16 + 16.56
Soybean Rice -26.83 £ 17.74
Maize Rice -22.67 £ 17.96
Dicot Monocots -14.07 £ 16.73

* Significant at 5% leve! but not at tite Bonferroni corrected o level of 0.33%.

Table 11: Relative rate test based on the mean number of non-synonymous
substitutions (per 1000 sites) for all actins within each taxa relative to the outgroup,
Volvox actin. The number after the + sign is the standard crror of the relative rate
difference. The mean for all dicot species include data from all species shown in Figure
11. The mean for monocots include all the monocot species shown in Figure 11.
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TAXON 1 TAXON 2 KKy

Animals Angiosperms -2.2 1263
Animais Fungi 0.16 +2.46
Animals Slime Molds 3.62+2.65
Angiosperms Fungi 2.36 £ 2.61
Angiosperms Slime Molds *5,82+£2.39
Fungi Slime Molds 3.46 +£2.20

* Significant at the 5% level. However, it is not significant at the Bonferroni corrected o level of 0.8%.

Table 12: Relative rate test based on the mean number of nucleotide substitutions at
the second position of codons (per 100 sites) for all actins within each taxa relative to
the outgroup, Fucus disticus actin. Nucleotide substitutions were calculated using the
Kimura 2-parameter model. The number after the + sign is the standard error of the
rolative rate difference. Actin genes within each taxa are those shown in Figure 16.
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than those of angiosperms at an o level of 5%, but not at the Bonferroni corrected

level of 0.8%. These results suggest that actins in all ol these lincages are evolving at
the same rate. However, it must be kept in mind that the number of nucleotide
substitutions accumulated have been averaged along a very long time span. The
evidence presented below suggests that within a more recent evoiutionary time span,

the rate of evolution of actin gene varies among differcnt eukaryotic lineages.

Rates of evolution

By definition, the divergence time between two orthologous genes is equal o
twice the divergence time between the two species which they come from. Since the
divergence time between tobacco and potato/tomato is known (40 MY), as well as the
divergence time between the Solanaceae and the lineage leading to soybean (110 MY),
the rate of evolution can be calculated (or orthologous actin genes (rom these specics.

Table 13 shows the number of synonymous (K) and non-synonymous (K,)
differences between putative orthologues as well the corresponding rates ol
synonymous and non-synonymous substitutions based on the appropriate times of
divergence. In general, the 18 independent estimates of the rawe of synonymous and
non-synonymous substitutions are very similar. This is consistent with the idea that the
genes used to calculate the rates really are orthologues and that dicot actins are evolving
at the same rate. There is no significant difference between the rates ol synonymous
and non-synonymous substitutions calculated using the 40 and 110 million ycar (MY)
divergence times. Average rates (from all 18 independent calculations) of synonymous
and non-synonymous substitutions for dicot actin genes arc 5.44 x 10-"fsitefycar and

0.13 x10”%/site/year, respectively. The synonymous substitution rate for dicot actin
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Putative orthologues K, Rate K, K, Rate K,

40 million years

Tb93-Tm52 1.50% 47 A9t 02 264498 4.1+ 62
Tho3-Pts6 1.06+ 40 A3t 05 30.34+4.71 3.8+ 59
Tbea-Pt7e 1.06t .40 13t 05 3R77T£503 4.1t 63
Tob1-Tm32 1.76% .51 22+ 06 86.49+ 10.97 108£14
Tob1-Pta2 2.12+ 56 26+ .07 60.05+7.72 7.5+ .96
Tob1-P65 258+ 62 32+ .08 6271+ 7.97 78+1.0
Th71-Tm41 3.28+ .70 Atx .08 28.25+4.53 3.5 57
Th71-PoAcSY 3.01 67 38+ .08 2594+ 4.26 32+ B3
Tb54-Tm51 153+ 47 g9t 06 57.06t 7.48 71+ .93
The6-PoAc101 135+ 44 A7E 05 35.14+ 5,18 4.4+ 65
Tb53-Tm105 3.56+.73 A4+ 09 29.91+4.72 37459
Averago 0.21(0.12) 4.54(1.28)
110 million years

Soy69-Tm41 2,06% 55 09+ 02 139.71:19.17 6.4+ .87
Soy69-PoAcS? 1.96t 51 .08t .02 12063+ 17.13 59+ .78
SoyBa-Th71 4.62+ 84 215 .04 136,38+ 2265 62+ 10
Soy118-Tm41 221+ 57 08 2 122,81+ 16.33 56% 74
Soy118-PoAcS7 191 53 09 02 108.11£14.18 49+ 64
Soy118-Th71 4.18+ .79 19: .04 121,63t 16.50 55+ .75
Soy57-Tb66 3.14t 68 .14 .03 135.45+ 2022 6.2+ .92
Soy57-PoAc101 299 67 14+ .03 14557+ 22,77 66+ 10
Soy58-Tb103 1.50+ 47 07t 02 131.68+18.95 6.0+ .86
Soy58-Th54 1.50% .53 09t .02 143,40+ 20.39 6.5+ .93
Soy58-Tmb51 1.53+ 47 07+ .2 126,19+ 17.49 57+ .79
Soy109-Th103 2.09+ 56 08t 02 121.16+16.65 55+ .76
Soy109-The4 2665 63 4203 123.29+ 16,19 56+ .74
Soy109-Tm51 2.04t 55 09+ .02 124.75+17.35 57+ .79
Average 0.10{0.02) 5.88(49)
Total Average 0.13(0.08) 5.44(1.03)

Note: Averages do not include rates calculated using Tb71, Pt42, Pig5, and Tm32, since these are
presumably nonfunctional

‘T'able 13: Number of synonymous (K,) and nonsynonymous (K,) substitutions per 160
sites between putative orthologues. Rates of evolution are calculated according to twice
sho time since the species had a common ancestor and are shown in units of x10
fsite/year. The number after the * is the standard error. Number in parcnthesis is the
standard deviation,
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genes agrees well with that for other plant nuclear gencs (Wolle et al., 1987) and other
cukaryotic nuclear genes (Li and Graur, 1991).

The rate of non-synonymous substitutions ol dicot actin genes is relatively low,
suggestive of strong functional constraints operating on the protein. This is consistent
with the suggestion that actin {unction is highly conscrved in all cukaryotes. However,
the rate of non-synonymous substitution in dicot actin genes appears (o be 4-10 times
higher than in mammalian alpha and beta actin genes. In fact, Li and Graur (1991)
calculated, using rodent and primate genes, the rate of non-synonymous substitution
for alpha and beta actin genes to ke (.01 £ 0.01 x10%/sitefyear and 0.03 + 0.02 x1{¥
®fsite/year, respectively. Although it is possible that the divergence times used 0
calculate the rate of evolution of dicot actin genes in this study have been
underestimated, to assume that the rates are equal in plant and mammalian actins would
imply that the tobacco diverged from the lineage leading 1o potato and tomato over 300
MY ago. This date is prior to that thought for the origin of angiosperms (Stewanrt,
1983).

The average rates of synonymous and non-synonymous substitutions were also
calculated from single copy actins from a number of fungi whosc times of divergence
have been established (Table 14)( Berbee and Taylor, 1993). The average non-
synonymous rate of substitution was found to be 0.13 x 107/site/year, virtually identical
to that in plants. The average synonymous rale appears to be a little lower than that of

plant actin genes. However, this could be the result of saturation at synonymous sites.
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Genes K Rate K, K, Rate K,

75 million years
Kluyve-Saccharo 200+ .48 .13%.08 5419 +7.33 3.61+ .48

135 milfion years
KIuyve-Candida 434+.72 16x.03 70.64 + 852 2.62+ .32
Saccharo-Candida 380 .68 .14%.03 66.86 + 8.27 2.48+ .31

335 million years

Kluyve-Schizo 7.71+£.97 12:x.01 saturated NA
Saccharo-Schizo  6.17+.86 .09+.01 saturated NA
Candida-Schizo 8.69+1.04 .13£.02 saturated NA

Average 0.13 (0.02) 2.90 (0.62)

Table 14: Number of synonymous (K,) and non-synonymous (K,) substitutions per
100 sites between single-copy actin genes of four fungal species. Rates of evolution are
calculated asin legend to Table 13.
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Discussion

Actin gene copy number

Based on the number of actin genes cloned from potato and soybean i this
study and the number of maiches with those already present in the Genbank/Embl data
base, the number of actin genes in these species is estimated to be about 20-30 copics
per genome. Although the method used to generate this estimate is suscepuible to a large
degree of error because it requires many assumptions, which may not have been met,
nonetheless, our estimates are in good agreement with previously published results.
Southern blot analysis of tobacco, potato, and soybean genomic DNA using the
soybean Sac3 as a probe revealed the presence of at least 25-30 genes per genome
(Thangavelu et al., 1993). Bernatzky and Tanksley (1986a) have shown using southern
analysis that there may be as many as 40 actin genes in tomato, and in petunia the actin
multigene family is thought to be comprised of 100-200 members belonging to six
diverse subfamilies (McLean et al., 1988 and 1990). The Arabidopsis genome may
contain at least 12-20 diverse gene members (McDowell el al., unpublished data,
referenced in Meagher, 1991). Based on the fact that none of the actin sequences
identified in this study maiched the previously cloned Macl, it is concluded that the
actin multigene family in maize is also relatively large.

The fact that all these dicots may have the relatively same number ol actin genes
in their genomes is interesting since their genome sizes vary considerably. For example
tomato has a genome size more than five times smaller than that of tobacco and maize
(Tanksley, 1987). Arabidopsis has one of the smallest plant genomes, 20 times smaller
than that of soybean (Arumuganathan and Earle, 1991). In addition, since tomato is a
diploid (Tanksley, 1987) and the cultivated potato (Solanum tuberosum), a very close

relative (Borisjuk et al., 1993), is a tetraploid (Hosaka, 1986), it would be natural to
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expect that potato would have twice the number of actin genes (assuming potato is not
an allotetraploid). The conservation of actin gene copy number across different plant
specics with varying genome size and ploidy levels suggests a functional role for the
various actin members. It also suggests that during polyploidization the number of actin
loci or genes does not increase. Such a lack of additivity of parental genes in polyploid
species has previously been reported (reviewed in Soltis et al., 1992).

Genetic linkage analysis has shown that in tomato actin genes map (o as many
as 10 different loci (Bernatzky and Tanksley, 1986a). It is likely that potato has a
similar gene organization since their genomes are very similar (Helentjaris, 1993;
Borisjuk et al., 1993). In Petunia hybrida the six diverse actin gene subfamilies map to
five locations on five different chromosomes (McLean et al., 1988; 1990). All of these
loci contain multiple copies of actin which are tightly linked and are very similar to one
another. These resulls suggest that actin genes in différént loci may represent ancient
gene duplication events, whereas the clusters of genes within each loci originated more
recently through unequal crossing-over events (McLean et al., 1990). The similarity of
actin genes within the same cluster could also mean that these genes are undergoing
concerted evolution through unequal crossing over events and/or gene conversion. If
this is the case. then it would explain why not as many actin genes were cloned as have
been estimated for each of the tive species in this study. If this is the case, then most of
the major lincages of actins have probably been cloned. The fact actin genes from each
species are represented in most of the major branches of the phylogenetic trees is
consistent with this idea.

The large number of actin genes present in plants is in sharp contrast to that
observed in other eukaryotic lineages. In fungi and protists actins are found as gither
single copies or as part of a small multigene family (reviewed in Sheterline and

Sparrow, 1994). In Drosophila melanogaster and C. elegans the actin multigene family
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is comprised of six and four members, respectively (Vandekerckhove and Wcber,
1984: Beifuss and Durica. 1992). In higher vewebrates, genetic analysis of the actin
multigene family has shown that there are 20-30 actin genes within the genoma, but
only about six are functional and the rest appear to be processed pseudogenes (McHugh
et al, 1991). The actin multigenc family in animals has been shown to be
developmentally regulated in a temporal and tissue specific manner (Beach and Jettery,
1992; McHugh et al., 1991). Although it has been shown Lhat the ditTerent subfamilics
of actin genes in plants are also differentially regulated (reviewed in Reece et al., 1992),
it is not apparent why they would need so many actin gencs. Since actin is not present
in large amounts in any tissue, it is unlikely that the large number of genes is required
to direct the synthesis of enough protein (Meagher, 1991). The presence of this large
and diverse family in plants could reflect a more diverse role for actins than has been
previously established in animals. Alternatively, there could be some mechanism in
plants responsible for actin gene amplification which is not present or is not as efficient
in other eukaryotes. Plant genomes are much more tolerant to genome size increases
than animals as exemplified by the observation that polyploidy is much more common
in plant species that animal species (Soltis et al., 1992), and the obscrvation that the
amount of DNA per haploid genome (C value) can vary subsiantially between plant
species (Arumuganathan and Earle, 1991). More fine tuned studies at the cellular level
need to be done to determine more precisely the role of this large and diverse genc

family.

Conservation of number and location of angiosperm actin introns
All angiosperm actin sequences contain three introns at identical locations along

the amino acid sequence. The first intron position of angiosperm actin genes is shared
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with Volvox carteri and C. elegans. The second intron position is shared with two
Plasmodium actin genes as well as a sea star actin gene and muscle actin genes in
vertebrates. The last intron position is shared with both actin genes from the nematode,
Onchocerca. volvulus. Why these three intron positions are so conserved in plant actins
but not in other lineages is not understood. This study almost tripled the number of
actin genes available for plants and yet no new intron locations were identified. Since
the number and location of introns in angiosperms is unique among eukaryotes, it
suggesls that all angiosperm actin genes are derived from the same common ancesior.
The monophyly of angiosperm actin genes is also supported by the presence of unique
amino acids shared between all angiosperm actins at their amino terminal (Reece et al.,
1992), by a number of phylogenetic studies (Sheterline and Sparrow, 1994; Baldauf
and Palmer, 1993: Reece et al, 1992; Hightower and Meagher, 1986), as well as this
study.

It has been suggested that the ancestral metazoan actin gene(s) included all the
introns found in more highly evolved forms, presumably demarcating functional
domains, and that, in the various branches of evolution, these genes underwent
selective deletion of different introns (Reece et al., 1992; Holland and Blake, 1990,
Wildeman, 1988). A contrasting view states that the pattern of intron locations could be
explained by the insertion of new introns coupled with the low-level multiplication of
these genes at various stages of evolution (Dibb and Newman, 1989). According to this
model. it is extremely unlikely that all 40 known positions of introns demarcate the
primitive functional domains of the protein, or its evolutionary building blocks. It is
implied, instead, that introns may behave like transposons, inserting and deleting
precisely at their termini. In addition, it is argued that there are protosplice sequences
which promote the acquisition of a new introns, and because of the conserved nature of

actin sequences it assures that introns arise in the same sites over and over again (Dibb
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and Newman, 1989). However, angiosperm actins evolve faster than vericbrate actins
and it is in angiosperm actins that intron position is most conserved.

It is interesting to speculate about whether intron loss and gain in plants is
generally less frequent than in other lineages. In a recent review, Reece et al. (1992)
addressed the question of whether the rate of intron insertion and/or deletion was lower
in general for plants than in animals or whether this phenomenon was restricted (o plant
actin genes only. It was concluded that intron and/or deletion is indeed less frequent in
relation to the rate of sequence divergence for plants than for fungi or animals.
However, more homologous genes need 1o be compared between plants and other
eukaryotic lineages to strengthen this conclusion. An adequate explanation for the
conservation of intron positions in plant actin genes is still lacking.

Since actin is not found in prokaryotes it is not considered to be an ‘old’
protein. Studies on the arrangement of introns in acting are relevant to the ‘intronsg
early’ versus ‘introns late’ debate. According to the ‘introns early’ theory, modermn
genes are the result of the assembly of exons encoding folding regions, structural
elements and functional domains via intron-mediated recombinations (Gilbert, 1987).
Accordingly, introns are viewed as ancient features which have been retained in
eukaryotes but which can also sometimes be lost. The ‘intron late’ theory states that the
introns were acquired by early eukaryotic genomes and that introns arc derived from
transposable elements (Hickey, 1992 Cavalier-Smith, 1991a; Dibb and Newman,
1989). According to this model, early genes were continuous coding regions which
were invaded by introns (transposable elements) at siles having a consensus sequence
with the borders of introns. It is important to note that both models allow for exon
shuffling later in eukaryote evolution.

According to the ‘introns early’ scenario, the ancestral actin gene would have to

contain 40 introns and the evolution of the actin multigene family within and between
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individual cukaryotic lincages would be marked by selective loss of introns. Dibb and
Newman (1989) have argued against such a progenitor actin gene containing that many
introns. The relationship belween intron positions in actin genes and protein structure
has been studied by Weber and Kabsch (1994), The pattern of intron locations were
found not 1o be correlated with any structural or functional properties of actin. In fact,
the positions of introns in actin scquences appear o be uniformly distributed along the
amino acid sequences. These results are inconsistent with the predictions of the ‘introns
carly’ theory. They do support the idea that introns, at least in actin, were acquired late
and that their acquisition was unrelated to the protein structure (Weber and Kabsch,

1994). Similar results have been obtained for other proteins (Stoltzfus et al., 1994).

Intron loss in angiosperm actin genes

In this study three plant actin clones were found which did not possess the three
introns typical of plant actin genes. One of these genes, the tomato clone Tm32, lacked
the second intron, and the two potato clones, Pt42 and Pt65, lacked both the second
and third introns. The loss of the introns was precise such that the reading frame was
not altered. Since no mechanism is known by which nuclear pre-mRNA introns can be
spliced out at the DNA level (Perlman et al., 1990), it is assumed that the introns were
removed at the RNA level by the usual means, reverse transcribed into a cDNA copy
which then was used in a gene conversion event with an actin gene in the
chromosomes. If the conversion event spanned the location of the intron, the result
would be the precise removal of the intron from the chromosomal copy.

The involvement of cDNAs in homologous gene conversion events resulting in
the precise splicing out of an intron has been clearly demonstrated in yeast (Derr and
Strathern, 1993; Melamed et al., 1992), and the occurrence in animals of processed

pscudogencs (Vanin, 1985), non-functional genes which lack promoter sequences and
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introns and contain poly(A) stretches at their 3'end, indicate that reverse transcription of
mRNAs is not uncommon. The presence of a processed actin pscadogene in potato
indicates that this process also occurs in plants (Drouin and Dover, 1987). It has been
noted that if gene conversion does occur through a ¢cDNA intermediate, then genes that
are highly expressed in the germ line will tend to be the mam donors of genetic
information (Melamed et al., 1992).

Phylogenetic analysis of these genes Jacking some of the introns indicate that
they may be orthologous members. If this is the case, then it is possible that the loss ol
the second intron in Tm32 and Pt42 and Pt65 may have had a common origin. Figure
20 shows a schematic representation of two models of intron loss in these genes. Both
models are equally parsimonious since each requires only two gene conversion ¢vents
leading to intron loss. If intron loss was due to homologous genc conversion events,
then model 1 assumes that the loss of the second intron did not result in a nonfunctional
gene, since its product would be needed for a second gene conversion event in (he
potato genes. Since gene conversion has been observed between genes which are up to
15% different at the nucleotide level, this assumption is not needed (Harris ct al.,
1993). Therefore, any other member of the actin family being expressed in Lissuc
leading to the germ line could potentially be a donor.

In order for mutations to be fixed in a population or a species, they must first be
passed from generation to generation. In animals, these mutations must occur in the
germline, and not the somatic tissue. In plants, the germline is derived from somatic
tissue late in plant development. Therefore, mutations will be fixed if they oceur in
germ tissue or tissue leading up to it. Phylogenetic analysis in this study showed that
the tomato and potato genes lacking some of the introns always cluster with the tobacco
gene, Tobl, suggesting that they may be orthologous. It is interesting therefore, that

Tob1 has been shown to be highly expressed in pollen (Thangavelu et al., 1993).
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Progenitor expressed in tissue
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Figure 20: Schematic representation of two models of intron loss for putative
orthologous genes in potato and tomato. Loss of introns 2 and 3 in model two represent
a single gene conversion event. Shaded boxes represent introns. Open boxes represent
exons. Introns and exons are not drawn to scale.
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Assuming that there is a conservation in function between orthologous gencs, these
results support the notion that the progenitor genc was also cxpressed in the germ
tissue. Whether or not Tm32, Pi42 and Pt65 are functional and expressed in the germ
tissue is unknown. The tomato gene, Tm32, has frameshilt mutations and an intron
which is shorter than that expected to be efficiently spliced out, so it is presumed to be a
pseudogene. The potato genes, Pt65 and Pi42, contain an in [rame insertion and
deletion, respectively, and could be functional. Work is now underway to acquire
potato pollen RNA for northern analysis to determine if’ thesc gencs are cxpressed. 1F
they are expressed, it will have some bearing as to why intron positions are so highly
conserved in angiosperm actin genes.

Although the mechanism of intron loss, as discussed above, is presumed 1o
have taken place through a gene conversion event, an analysis of dicot actin genes
failed to detect any gene conversion events, especially involving Tm32, P65 and P42,
This could be because the progenitor gene was not cloned and therefore not available
for analysis. Alternatively, intron loss could have been the resuit of homologous gene
conversion events, which cannot be detected since the progenitor gene itsell’ would be

involved.

GC Content and Codon usage

The genes and genomes of prokaryotes and eukaryotes have been found to vary
widely in their G+C content (Yoshida and Hickey, 1995; Lloyd and Sharp, 1992;
Andersson and Kurland, 1991; Campbell and Gowri, 1990; Murray et al., 1989; Aota
and Ikemura, 1986; Sharp and Li, 1986; Bennetzen and Hall, 1982). In angiosperms,
the G+C content varies from as much as 80% in monocots to as low as 30 % in dicots
(Meagher et al., 1989). Our results show that the G+C content of actin genes in dicots

is significantly lower than those of monocots. Two previous studies have also showed
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that there is a significant difference in G+C content between dicot and monocots genes
(Campbell and Gowri, 1990; Murray et al., 1989).

Differences in the G+C content between genes also reflects differences in the
pattern of synonymous codon usage between genes (Yoshida and Hickey, 1995; Lloyd
and Sharp, 1992; Lockhart et al., 1992a, 1992b; Andersson and Kurland, 1991;
Campbell and Gowri, 1990; Murray et al., 1989; Aota and Ikemura, 1986; Sharp and
Li, 1986; Bennetzen and Hall, 1982). This study has shown that there is a difference in
the codon usage pattern between dicot and monocot actin genes, such that the third
position of codons in dicot actin genes more frequently end in A or T whereas those in
monocots more frequently end in G or C. Furthermore, the results show that
differences in the G+C content of the genes are only correlated with differences in G+C
content of the third position of codons. This indicates that the evolution of the actin
amino acid sequences are not influenced by G+C content of their respective sequences.
Two previous studies have looked at the codon usage for angiosperm nuclear genes
(Campbell and Gowri, 1990; Murray et al, 1989). Both studies found a clear
distinction between the codon usage patterns of dicot and monocot genes. For dicots
and monocots the mean average G+C at the third base of codons is 45% and 73%
respectively (Campbell and Gowri, 1990). Our results agree with these observations
with the exception that the G+C content at the third position of codons for monocot
actins is lower than the average of a range of monocot genes. The observation that each
plant species has a unique but similar codon usage bias with plants of the same
taxonomic group is in agreement with Grantham’s ‘genome hypothesis” which states
that all genes in a Qmome tend to have the same coding strategy in that they show a
similar choice between synonymous codons (Grantham, 1980).

Interestingly, the study of Campbell and Gowri (1990) also showed that nuclear

genes which are highly expressed in both dicots and monocots have a more biased
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codon usage than that of genes having lower expression levels. Similarly, H3 histones
which are more highly expressed appear (o have a more biased codon usage (Wells o
al., 1986). This situation is similar to that found in some bacteria (Andersson and
Kurland, 1990; Sharp and Li 1986) as well as yeast (Bennetzen and Hall, 1982) and
Aspergillus nidulans (Lloyd and Sharp, 1991). In these organisms the codon bias is
more extreme than in plants and the codon usage patterns have been balanced with the
concentrations of isoaccepting tRNA to optimize the synthesis of abundant protcins
(Anderson and Kurland, 1990; Bennetzen and Hall, 1982). It has been argued that the
pattern of codon usage in the highly cxpressed genes of these microorganisms is
determined largely by selection mediated via translation whereas that of lowly
expressed genes is due primarily to a relaxation of selection such that mutation pressure
and random drift become more important (Andersson and Kurland, 1990; Sharp and
Li, 1986). More comparisons of the pattern of synonymous codon usage between
highly expressed and lowly expressed plant genes need to be done before more firm
conclusions can be drawn about any similarity in codon usage with microorganisms. In
the case of plant actin genes, there is not enough information on the relative levels of
expression of individual genes to make any correlation with codon usage patcrns.

The genome of mammals secems Lo be organized into patches of DNA having
varying G+C contents. The G+C content of mammalian gencs, and thus their
synonymous codon usage patterns, appears to be determined by their location in the
genome such that the G+C content of a gene corresponds to that of the surrounding
DNA (Aota and Ikemura, 1986). Thus the selective constraints on the third position of
codons appear to be relaxed in mammalian genes and probably the most dominant
factor influencing the G+C content in these genes is 2 mutational bias which dir fers
along different tracts of DNA. It has been reported that the G+C content at the third

position of codons in monocot genes most closely resembles that of mammalian genes
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(Campbell and Gowri, 1990). However, our study shows that, unlike the situation in
animals, there is only a weak correlation between the G+C content of the genes and
their respective introns. This is consistent with the limited evidence suggesting that the
genome of maize is not made up of patches of DNA differing in base composition
(Campbell and Gowri, 1990). Thus it appears that the mechanism affecting the
nucleotide composition at the third site of codons in plant genes is different from that in
animals.

The pattern of codon usage is thought o be a result of selective constraints on
the one hand and mutational pressure on the other (Andersson and Kurland, 1990;
Sharp and Li, 1986). Thus it is likely that the forces determining the pattern of codon
usage in nonfunctional genes will be predominantly caused by mutational pressure.
By analysing the codon usage pattern of nonfunctional genes it might be possible to
determine more accurately the nature of the nucleotide bias due to mutational pressure.
Our data show that the actin gene with the greatest overall G+C content happens to be a
pseudogene from maize. Since the average G+C content of the monocot actin genes
appears to be lower than that for all other monocots genes, the high G+C content of the
Mz65 actin gene could reflect a natural drift in the nucleotide composition as a result of
biased mutation. This suggests that the mutation bias in monocots favors G and C.
Since no correlation was found between the G+C content of this gene with the G+C
content of the first and second position of codons, this could mean that this gene
hecame nonfunctional relatively recently. In contrast the G+C content of the potato
processed pseudogene is identical to that of the average for all dicot genes. This
suggests that the mutational bias in dicots is in favor of A and T.

In some cases the nucleotide bias not only has an effect on the patern of
synonymous codon usage but also extends to nonsynonymous codon usage (Collins

and Jukes, 1993). A significant correlation has been observed between changes in the
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amino acid composition and the nucleotide composition at the third position of codons
for alpha-amylase genes (Yoshida and Hickey, 1995). From a phylogenctic
perspective, this means that in such cases, phylogenetic trees based on amino acid
sequences will not be devoid of the etfects of nucleotide bias. Our studics suggest that
the bias in the G+C content between the members of the plant actin gene family docs
not affect their amino acid sequences. This is expected since the actin amino acid
sequences in all eukaryotes are highly conserved and consequently sclective constraints
operating at nonsynonymous sites against nucleotide mutation pressure will be high.
By removing the third position of codons from our sequence alignments, It was
possible to remove any nucleotide bias which may effect the phylogenetic trees. It has
been shown that differences in the G+C content at the third position of codons result in
variation among genes in the rate of synonymous substitution, such that synonymous
substitution rate is inversely proportional to the degree of codon usage bias {Sharp and
Li, 1986). In a study of H3 histone genes, Wells et al. (1986) found that members of
this gene family clustered on a phylogenetic tree because they shared a similur
synonymous codon bias. The effect of G+C content on phylogenies has also been

extensively studied by Lockhart et al. (1992a,b)

Variation in actin amino acid sequence

This study has shown that members of the plant actin multigene familics may
differ from one another by as much as 14% in their amino acid sequence. To put this
variation into perspective, the percent amino acid differences were determined for actins
of other groups of eukaryotes (Figure 21). Put into a broader context, the variation
observed within plants exceeds only that seen in animals, suggesting that either the
actin multigene family in plants began to diverge earlier than that of animals, or that

they are evolving faster. The variation seen in plants is similar to that observed for
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fungal actins. Based on the calculated rates of evolution as well as the distance-based
cukaryotic actin trec (Figure 16), it is concluded that the higher variation in amino acid
sequence in plant and fungal actin genes relative to those in animals is due to a faster
rate of evolution rather than an earlier divergence (see below).

The protists represent a heterogeneous assemblage of eukaryotes which have
for the most part been classified by exclusion from other major eukaryotic lineages and
whose phylogenetic relationships are not well defined (Margulis and Schwartz, 1988).
Based on the phylogenetic relationships in Figure 16, protists were split inio three
groups, protist 1, protist 2 and slime molds, in recognition of the deep divergence
existing within them.

By far the greatest variation in actin amino acid sequence is observed within
group 1 protists. Most of this divergence being attributable to the inclusion of Giardia
lamblia and Euploites crassus in this group (see Figure 16). Such a high degree of
amino acid sequence divergence confirms the idea that most of the variation among
cukaryotes cxists within the protists and that divergences within this group are very
ancient (Cavalier-Smith, 1991b). Such divergent actins might also have functions
which are different from those of other eukaryotes which have evolved more recently
(i.c. animals, plants and fungi).

The divergence in actin amino acid sequence between different eukaryotic
lineages indicates that the actins of fungi, slime molds and group 2 protists are more
similar to those of animal actins than those of plants. The close similarity of group 2
protists 1o animals is due to the inclusion of Entamoeba and Acanthamoeba acting in
this group, both of which cluster with animals to the exclusion of plants in the
eukaryotic actin tree shown in Figure 16. The greatest intergroup variation is observed
between group 1 protists and the other lineages. In addition, the variation between

group | protist and the other groups is roughly the same suggesting an equal time since
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Figure 21: Bar graph showing the percentage of observed amino acid differences
between actin genes in various taxa. Sequences included were those shown in Tables |
and 3. The Volvox actin gene was not included.
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the divergence of group 1 protists and the lineage(s) leading to the other eukaryotic

groups (scc below).

Phylogeny of angiosperm actin genes

This work has contributed significantly to the number of actin genes available
for use in the phylogenetic study of the actin muitigene family in plants. A total of 41
new aclin genes were isolated from potato, tomato, tobacco, soybean, and maize. Of
these 41 unique actin clones, 32 were used, in addition to other plant actins already
available from the Embl/Gonbank databases, for phylogenetic analysis. The other nine
clones were either not completely sequenced or turned out to be truncated clones not
usable for phylogenetic analysis since they would limit the size of the data set.

Phylogenctic analysis in this study, using both parsimony and distance
methods, have shown that the evolution of the actin multigene family in plants is quite
complex, marked by many ancient and recent gene duplication events. Many of the
branches include genes from both soybean as well as those of Solanaceae species.
Thercfore, gene duplications leading to these various branches must have occurred
prior to the divergence of the lineages leading 1o the Solanaceae and soybean, more than
110 miltion years ago. Using 750 MY as the time since the last common ancestor
shared by land plants end Volvox, and taking into consideration the branch lengths
from the distance-based DNA trees, the earliest gene duplications in the plant actin
multigene family arc estimated to have laken place starting at about 300-400 MY ago.
Since the age of angiosperms is thought to be more recent (Wolfe et al., 1989; Brandl et
al. 1992), this implics that many of the gene duplication events in the actin multigene
family took place prior to the origin of the angiosperms, and implies that orthologous
genes will be identified in non-angiosperms as well. A preliminary analysis of actin

genes from iwo gymnosperms (Cycad and Podocarpus) and a fern (Osmunda) suggest
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that this might be the case (Moniz de Sd and Drouin, unpublished). In addition, a partial
sequence of an actin gene from pine clusters with a soybean actin gene to the exclusion
of other angiosperm actins (Reece et al., 1992; Kenny et al., 1988). On the other hand,
there is some indication that the origin and duplication of the actin multigene family in
ferns may be independent of that in monocots and dicots (Bhattacharya, personal
communication). However, the possibility that concerted evolution in fern aclin genes
is masking orthologous origins has not been ruled out. Also, since polyploidy is very
common in ferns (some ferns have a diploid chromosome number exceeding 80U)
(Soltis et al., 1992), it is possible that the apparent monophyly of fern actin genes may
be the result of actin gene loss.

In this study, 38 dicot and 13 monocot actin genes were used Lo construct
phylogenetic trees which group plant aclin genes into roughly three subfamilics
(although weakly supported by bootstrap values). Previous phylogenctic studies, using
a much more limited number of sequences and with monocots heing poorly
represented, also grouped plant actin genes into three diverse subfamilies (Mcagher,
1991; Drouin and Dover, 1990). While the composition of each subfamily diffcrs a
little from those of previous studies, this difference is mainly attributable 10 the fact that
the number of sequences used in this study is six times higher than previous analysis of
plant actin genes (Reece et al., 1992; Meagher, 1991; Drouin and Dover, 1990). The
inclusion of more monocot actin sequences has shown that most of them cluster on the
wee to the exclusion of dicot genes. Since, as mentioned above, the divergence of the
actin multigene family predates that of the monocot-dicot split, it is likely that concerted
evolution has played a role in the evolution of monocot genes (sec below).

The genes cloned in this study as well as those previously known are all well
represented in all the major branches of the phylogenetic trees. This suggests that the

published actins as a whole may already be representative of most of the variation
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existing within the plant actin multigene family. The addition of 32 new actin genes has
simply added more detail, i.c. more short branches to the plant actin tree. However,
given that these new actin genes were PCR amplified using degenerate primers
designed on the basis of plant actin genes already in the data base, it could be that the
fact that no new major branches were identified on the phylogenetic trees is duc to the
possible bias introduced by these PCR primers.

Increasing the number of actin genes for phylogenetic analysis has resulted in
the identification of putative orthologous genes among the four dicot species. This is
the first time that orthologous actin genes have been identified among plants. The
previous suggestion that the Arabidopsis gene, Aacl, and the rice gene, Racl, may be
arthologous is not supported by any of the phylogenetic trees presented here (Reece et
al., 1992). The identification of orthologous genes is important because they can be
used to determine the rate of gene evolution if the species divergence times are known
(sec below). In addition, orthologous genes can be used to test hypotheses concerning
the conservation of function. For a large diverse multigene family like actin it would be
interesting to determine if orthologous members in divergent species have maintained
the same function or if there are regulatory shifts, as reported for glutamine synthase

genes in angiosperms (Doyle, 1991).

Actin genes not appropriate to study plant phylogeny

One conclusion which can be drawn from this study is that actin genes are not
suitable for use in elucidating the phylogenetic relationships of land plants. There are
four main reasons for this.

First. actin genes are 100 highly conserved, and given the size of the coding
sequence, 377 amino acids, as well as the time scale involved in the evolution of land

plants (less than 450 MY), not enough variation has accumulated in these sequences to

110



Moniz de Sd

give unambiguous phylogenetic results. This is clearly illustrated in all the phylogenctic
trees, regardless of method, where there was very little support tor most of the deep
branches, as deduced from their low bootstrap values.

Second, the actin multigene family underwent many gene duplication cvents
early in the evolution of land plants. The highly conserved nature of actins compounds
this problem resulting in many deep nodes which are separated by very small distances.
As a consequence, there will be a lot of stochastic errors resulting in phylogenetic trees
with very low bootstrap values. In some cases the distances scparating the deep nodes
are smaller than the standard error.

Based on molecular evolutionary studies, it now appears that angiosperms had
their origins much earlier than previously thought, perhaps as early as 200-350 MY ago
(Brandl et al., 1992; Wolfe et al, 1989; Martin et al., 1989). The angiosperms may
have occupied upland habitats which were not conducive to fossilization and,
consequently, were not detected in the fossil record until much later when they
expanded their range (Cleal, 1989). In addition, seed plants may have shared a
common ancestor as late as 300 MY ago, a date substantially more recent than
previously thought (Savard et al., 1994). If this is the case, then the time frame
separating the origins of the various seed plants will be shorter, meaning that using a
highly conserved protein such as actin to infer the phylogenctic rclationships among
many seed plants will not provide the resolution needed. Thus, the patierns of gene
duplication as well as the pattern of speciation are important factors in choosing a gene
for phylogenetic study. The early radiation of the plant actin multigene family as well as
its conserved nature suggest that it will not be useful to infer unambiguously the
phylogenetic relationships of land plants.

Third, the plant actin multigene family is too large to be practical for usc in

inferring phylogenetic relationships among land plants. Inferring species relationships
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from gene trees assumes that orthologous genes are being compared. The unambiguous
identification of actin orthologous genes [rom a variety of plant species, especially
given the problems mentioned above, will probably be problematic, costly and time
consuming. Thus, another protein, encoded by a single copy gene or by a much
smaller gene family, whose orthology among various species is unambiguous and
whose rate of evolution is appropriately faster, will be of better use for studying the
phylogenetic relationships of land plants.

Finally, we now know that there is gene conversion between multigene family
members. This will further confound phylogenetic analysis by obscuring orthologous

relationships (see below).

Actin as a phylogenetic marker for studying eukaryotic evolution

The use of actin amino acid sequences to infer the phylogeny of eukaryotes has |
reaffirmed the status of plants, animals and fungi as monophyletic groups. In addition,
the actin tree supports the notion that fungi and animals are more closely related to each

other than either is to plants. A recent phylogenetic analysis based on four different

nuclear genes (actin, a-tubulin, B-tbulin, and elongation factor 1ot) (Bhattacharya and

Ehlting, 1995; Hashimoto et al., 1994; Baldauf and Palmer,1993; Hasegawa et al.,
1993), as well as 185 rRNA (Cavalier-Smith et al., 1994; Wainright et al., 1993;
Bhattacharya et al., 1991; Sogin, 1989) have resulted in a similar conclusion. The
status of animals and fungi as sister groups is supported by other shared characters,
such as motile cells with basal flagella, similar mitochondria with reduced gene content
and similar codon assignments, lack of chloroplasts, chitinous cytoskeleton, and the

use of glycogen for carbohydrate storage (Baldauf and Palmer, 1993).
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The phylogenetic relationships among plants, fungi, and animals remains
controversial. Sidow and Thomas (1994) have carried out a phylogenctic analysis on
the two largest subunits of RNA polymerase II and concluded that animals group with
plants to the exclusion of fungi. However, their study is flawed since both fungi and
plants were severely under-represented and no mention is made of the possible crror
introduced into their analysis due to a GC content bias. Another study supporting plant-
animal monophyly was based on multiple lines of molecular evidence used rRNA,
{RNA, and six protein sequences (Gouy and Li, 1989). This study has been criticized
by Baldauf and Palmer (1993) as being limited by the narrow representation of major
taxonomic groups.

Plants, animals, fungi, and some protists, such as slime¢ molds, represent
relatively recent evolutionary lineages with respect to the protists. Plants, animals,
fungi and slime molds appear to have evolved almost simultancously. The relatively
little distance associated with their origins in part explains why there has bheen
discrepancies in the relationship among animals, plants and fungi (Baldaul and
Palmer,1993; Gouy and Li, 1989). In many trees, plants come out as the sisier group
of animals to the exclusion of the fungi. These likely erroneous results are probably duc
to GC content bias or due to having very few representatives of cach of these major
lineages.

The phylogenetic relationship of the mitochondria-lacking gut parasite,
Entamoeba histolyca, remains uncertain. A phylogenetic tee based on Elongation

Factor 1o could not firmly establish its relationship to other protists (Hashimoto et al.,

1994). The actin-based tree from this study is in accordance with the rRNA
phylogenies (Sogin 1989) in suggesling that Entamoeba histolyca diverged after the

kinetoplastid (Leishmania major, and both Trypanosome species) and ciliated protozoan
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(Tetrahymena, Euploites, and Oxytricha) species. This supports the idea that
Entamocba has secondarily lost its mitochondria (Schlegel, 1994) and fully justifies
Cavalier-Smith’s removal of the Entamoedidae from the Archezoa, all of which never
gained a mitochondrion through a symbiosis event (Cavalier-Smith, 1991).

The phylogenetic status of Dictyostelium discoideum, a cellular slime mold, has
also been controversial. Phylogenies based on rRNA suggest that this species diverged
hefore the lineage leading to ciliates, plants, fungi and animals (Sogin, 1991; Hendricks
et al., 1989; Gunderson et al., 1987). In fact, the sequence of the small-subunit rRNA
molecule of D. discoidewm has often been used as an outgroup to root the rRNA
phylogenies of ciliates, plant, fungi, and animal phylogenies (Wainright et al., 1993;
Field et al., 1988). In contrast, phylogenies based on protein sequences suggest that D.
discoideum is not an outgroup to the lineage leading to plants, fungi and animals.
Loomis and Smith (1990) have studied phylogenies based on eight protein sequences
and concluded that D. discoideum is more closely related to animals and plants than to
fungi, and that this species diverged from the Jine leading to animals at about the same
time as the plant/animal divergence. The discrepancy between rRNA and protein based
wrees has been attributed to an erroneous placing in the rRNA trees due (0 the relatively

high A+T content of the small-subunit rRNA genes of this species (Loomis and Smith,

1990). A phylogenetic study of the elongation factor la also suggests an origin of the

lineage leading to D. discoidewm compasable to that of plants, fungi and animals
(Hasegawa et al.,, 1993). The actin amino acid tree from this study indicates that the
slime molds (D. discoideum and P. polycephalum) diverged after the lineage leading t0
plants, but before the lineage leading to fungi and animals. Similar results have been
previously reported based on an analysis of amino acid sequences as well as of first and

second codon positions of actin genes (Baldauf and Palmer, 1994; Bhattacharya et al.,

114



Moniz de 84

1991), although a more recent analysis suggested that a slow-down in the rate of
evolution of D. discoideum genes might be responsible placing it at the crown of
eukaryote evolution (Bhattacharya and Ehlting, 1995). The recent report of
Dictyostelium discoidewm having its NAD-reducing hydrogenase gene in s
mitochondria whereas plants, animals, and fungi have this gene encoded in the nucleus
provides strong support for D. discoideum having diverged before the lineage leading
to plants, animals, and fungi (Cole et al., 1995).

It is likely that actin sequences will be very usetul for elucidating the
phylogenetic relationships between the major eukaryotic lincages. This is reflected in
the relatively high bootstrap values associated with the deep nodes in the cukaryotic
actin tree, in contrast to the angiosperm actin trees. The higher bootstrap values are due
to a greater actin sequence variation within eukaryotes, making actins phylogenetically
more informative at the level of eukaryotes than at the angiosperm level. In addition, it
is likely that the actin gene within each of the major eukaryotic lineages are orthologous
since they underwent duplications after the major eukaryotic lines were already
established. Thus, although actin genes exist as multigene families in most cukaryotes,
actin gene duplications are likely to be “irrelevant to the branching order among major

groups” (Baldauf and Palmer, 1994).

Gene conversion in maize actin genes

Gene conversion is the non-reciprocal exchange of genctic information between
closely related DNA sequences and is a well documented phenomena in eukaryolcs
(Arnheim, 1983). The net effect of gene conversion is the sequence homogenization of
gene family members. Gene family members within a taxa which are undergoing gene
conversion will, depending on the extent of sequence homogenization, cluster together

on a phylogenetic tree rather than with their orthologues from other taxa (Meagher ¢
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al., 1989). Thus, gene conversion can obscure true evolutionary relationships. Gene
conversion has been implicated between two actin genes in sea urchin (Durica et al.,
1988: Crain et al., 1987). A previous study on potato actin genes failed to detect any
gene conversion (Drouin and Dover, 1990).

The phylogenetic analysis of plant actin genes presented here showed that,
despite the fact that the actin multigene family underwent several gene duplication
events which preceded the monocot-dicot divergence, most of the monocot actin genes
clustered together on the tree and no obvious orthologues to dicot actin genes were
found. In contrast, the actins from the various dicot species were well represented in
the other major branches of the phylogenetic tree. The clustering of the monocot genes,
together with the relatively long branches separating most of the monocot genes from
one another, suggests that these sequences may have undergone concerted evolution
carly in the evolution of monocots. Two gene conversion events were detected between
the maize actin genes, one between Mz56 and Mz63, and another between Mz56 and
Mz81. Both gene conversion events occurred relatively recently. However, the
algorithm used to identify gene conversion events is supposedly very stringent
(Frederic Praut, personal communication) and it is possible that other gene conversions

have occurred but were not detected.

Rates of actin gene evolution

In this study, the relative rate test was used to show that the rate of non-
synonymous substitution of actin genes is constant in different angiosperm taxa. Rate
differences at synonymous siles could not be determined using Volvox as outgroup due
to saturation at these sites. Rate differences have been widely reported, especially
between different animal groups (reviewed in Li, 1993b), as well as between

mitochondrial, chloroplast and nuclear genomes (Wolfe et al., 1987). In plants, studies
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of the chloroplast encoded gene, ribulose-1,5-biphosphaic carboxylase large subunit
(rbeL) (Bousquet et al, 1992; Frascaria et al., 1993), as well as other chloroplast genes
(Wolfe et al., 1987) have shown that considerable heterogeneity exists in the rates of
synonymous and non-synonymous substitution in plants. In gencral, it was found that
the rate is faster in monocots than in dicots, and higher in annuals than in perennials. In
addition, the rate heterogeneity is morc promounced at non-synonymous than
synonymous sites. However, lineage specific rate differences have not been detected
among plant nuclear encoded genes (Savard et al., 1994; Bousquet ct al., 1992; Wolle
et al., 1987).

The rates of synonymous and non-synonymous substitutions were calculated
from 18 independent comparisons of sequence divergence between orthologous genes
separated in time for 40 and 110 MY. Although the putative plant actin orthologues
were identified on the basis of their position on the phylogenetic trees, scveral other
pieces of information are consistent with their status as orthologues. These include
shared intron loss, intron sequence similarity, as well as the similar valucs obtained
from the independent estimates of the rates of evolution. However, these hypotheses
concerning orthology in plant actins need to be tested in order to give strength o
conclusions derived from their use. Work is currently underway using southern blot
analysis to confirm these hypotheses.

The rate calculations indicate that while the average synonymous rate of
substitutions (5.44x107/site/year) is comparable to that observed for animal (4.61x1(y
Isitefyear) (Li and Tanimura, 1987; Li and Graur, 1991) as well as plant (5.0-
30.0x 10-/site/year)(Wolfe et al., 1987) nuclear genes. The average non-synonymous
rate of substitution (0.13x10*/site/year) is 4-10 times faster in dicot than in animal actin
genes (0.01—0.03x10‘9lsite!year) (Li and Graur, 1991). The results presented here show

that the rate of non-synonymous substitution is the same for both dicot and fungal actin
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genes. The faster rate in plant versus animal actin genes is also apparent from the
cukaryotic actin distance tree (Figure 16). These results are contradictory to the
previousiy held belief that actin genes are evolving at the same rate in both plants and
animals, aa that the greater variation in amino acid sequence observed among plant
actins is due o the more ancient origins of the actin gene family in plants than in
animals (Reece et al, 1992; Hightower and Meagher, 1986). Hightower and Meagher
(1986) estimated the rate of evolution using the divergence of 1000 MY for all
kingdoms and thus obscured rate differences which have taken place more recently in
the evolution of plant and animals because of an averaging effect. A similar observation
was encountered when conducting the relative rate test between actins of various
“higher” eukaryotic groups using Fucus disticus as an outgroup (Table 12).

The greater variation in amino acid sequence within the plant actin multigene
family is due the faster rates of evolution rather than a more ancient origin with respect
(0 that in animals. The fact that the actin multigene family in plants may have begun to
diversify as early as 300-400 MY ago is not consistent with previous explanations for
the diversity of actins in plants. It has previously been proposed that the diverse actin
gene types present today arose concomitantly with the numerous cell types present in
vascular plants, and that their evolution has been preserved throughout vascular plant
evolution because they have unique patterns of actin gene regulation or encode proteins
with unique functions (Meagher, 1991; Hightower and Meagher, 1986). However, the
results from this study indicate that the diversity of actin types observed today occurred
well after the divergence of vascular plants. In fact, the higher rate of evolution of plant
actin genes suggest nonconservation rather than conservation in function, as observed
for cytoplasmic and muscle actins in vertebrates. It is not clear why plants would need
more diverse actins performing more diverse functions as opposed to animals which

have more varied tissue types and yet possess fewer functional actins with lower
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sequence diversity (Recce et al, 1992; Shetterline and Sparrow, 1994). While it is true
that different subfamilies of actin genes are differentially regutated (Wolf’ and Timko,
1994; Thangavelu et al., 1993; Meagher, 1991; McLean et al., 1990), therc might not
be a strong conservation in function spanning the whole range of plant actin gene
evolution, as previously suggested. Preliminary results suggest that the lern geting are
all constitutively expressed in all tissues {Bhattacharya, personal communication). More
actins need to be isolated from nonvascular and early vascular plants and their
expression patterns studied to address this issue more fully. However, it is likely that
the diversity of actin functions is mediated by interactions with the diverse actin-binding
proteins which are known (Shetterline and Sparrow, 1994).

Using the estimated rate of non-synonymous substitutions and the estimated
number of non-synonymous substitutions between putative orthologous genes (Tmél,
PoAc97 and Tm52, P179) from potato and tomato, the divergence time of these two
species has been estimated to be 21 £ 12 MY. A close relationship between potato and
tomato has previously been documented based on morphological and molecular data.
(Borisjuk et al., 1993; Martin et al., 1986; D’Arcy, 1979). In fact, it has been
suggested that the tomato group should be included in the genus Solanum rather than as

separate genus Lycopersicon (Borisjuk et al., 1993 and references therein).
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Summary

Actin is a contractile protein and a major component of the eukaryotic
cytoskeleton, and is found only in eukaryotes. In most species, actin is encoded by a
multigene family. The evolution of this gene family has been well studied in animals,
where much is also known about the expression patterns and the function of the various
actin isotypes encoded by the different gene family members. In contrast, our
knowledge of the actin multigene family in plants is relatively limited. Although it is
known that the actin multigene family in plants is generally larger and their amino acid
sequences are more diverse than that in animals, few representatives have been isolated
from any one species. In addition, very little is known about the patterns of expression
and functions of the various members of the plant actin multigene family.

This study has focused on the evolution of the actin multigene family in a group
of taxonomically well-defined angiosperms in hopes of understanding the patterns and
processes involved in their evolution. Using the polymerase chain reaction, a total of 44
unique actin genes have been cloned and sequenced from potato, tomato, tobacco,
soybean, and maize. Phylogenetic analysis of 32 of these genes along with those
previously published actin genes indicate that angiosperm actin genes are monophyletic
and that they can be divided roughly into three subfamilies which diverged from each
other prior to the divergence of monocots and dicots. In addition, the evolution of the
actin multigene family has been marked by many gene duplication events resulting in a
high copy number of actin genes within each species (20-40 copies).

The evolution of the actin multigene family in monocots has been shaped in part
by gene conversion events resulting in concerted evolution. Two relatively recent gene
conversion events were detected between maize actin genes. However, the fact that one

of the major subfamilies of actins identified here (which diverged prior to the monocot-
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dicot divergence) was composed exclusively of monocot actin genes suggests that
earlier gene conversion events occurred which can no longer be detected and which are
responsible for forcing the monocot and dicot sequences apart on the phylogenetic
trees. Thus, the concerted evolution of actin genes in monocots has precluded the
identification of orthologous genes between monocots and dicots, and consequently no
inference on the time of divergence between monocots and dicots could be made.

The phylogenetic analysis presented here has identified six sets of putative
orthologues between dicot species whose approximate times of divergence arc known.
These putative orthologues were used to calculate the rates of evolution. The
synonymous rate (5.44 x 10%fsite/year) is similar to that of other nuclear protein-
encoding genes, but the non-synonymous rate (0.13 x 10%/site/year) is 4-10 times
higher than that observed in vertebrate actin genes. This suggests that the greater amino
acid sequence diversity observed between plant actin genes relative to those of animal
actin genes is due, not to their more ancient origins, as previously proposcd (Meagher,
1991), but their faster rate of evolution. Thus the diversification of actin isotypes in
plants was not concomitant with, nor a prerequisite for, the diversification of the
various tissue types during land plant evolution.

This study has shown that actin genes will be of limited usc in determining the
phylogenetic relationships of land plants. This is because (Dthe actin gene family is
very large, making identification of orthologues difficult, (2) members of this family
are undergoing concerted evolution, and (3) actin genes are 100 conserved and do not
give the resolution needed at this level of study. In contrast, actin genes will likely be of
use for inferring the phylogenetic relationships between different cukaryotic lincages,
especially protist lineages which diverged early during the evolution of cukaryoles.

The work presented here on the evolution of angiosperm actin genes has laid

down the ground work for further characterization of the evolution and function of this
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large and diverse gene family. The identification of six sets of actin orthologues from
angiosperm species of varying divergence times should enable one to address many
unanswered questions. For example, why are plant actin genes under less evolutionary
constraints, as deduced from their faster rates of evolution, than those of vertebrates?
Docs the greater diversity of plant actin amino acid sequences, relative to those of
animals, mcan that actins perform more diverse functions in plants than animals? Are
the members of this gene family differentially expressed and if so, are these patterns of
cxpression conserved between orthologues? Most intriguing of ail, the functions of
actin are so many, so complex, and so fundamental to eukaryotic life, and yet in some
organisms (many fungi for example) actin is encoded by only one gene and in others
encoded by large multigene families. Obviously there is still a lot we do not know about

the evolution and function of actins.
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COTTACACAG
CGACACACTS
ACSACACCANG
CGACACAUTS
CGCCOATAITG
CGTCGC AT
COCTACACAG
COTTACACTG
CGOTACACTG
CGACACACTS
CGTCACACGG
CGTCACACTG
CGTCACACTG
COCCATACTG
CGTCATACTG
COTCTCACTG
CGTCACACGD
COACATACTG
COTCACAITT?
COMCAT AT
COGCACACTG
CGOrAC AT
COTCACACTO
CGTCACHTG
COTTACACLG
COCCACACTS
CCGGACACGOG
COCCACACCG

YR

o X RN RARN]

Appendix: Alignment of 54 plant actin nucleotide sequences used to generate phylogenctic

trees.
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e
Poaheri
Poacl
Lokl
bl
Hhrl
RACH
Rt

S Noatd
Dracl
prds
RLeh
7Y
LAl
Pohclil
PohcSE
PoncT]
pahc?b
ponc 7
POAC9G
pta2
pLebh
tm3z
tmdl
tms2
tm51
tml0o5s
th193
th104
théo
th71
tho3
tobl
th52
th54
soyl09
s0oy115
soyll8
soyll9
soy57
soy5R
s0y69
soyT0
s0yB6
SAcl
Shcl
mz56
mzi3
mzgl
mnB3
mz87
mz89
mz &5
MACL

G- - -GTOAT

3T SGTORT
G- - GTCAT
G - = GTPCRT
G- - -GTGAT
GT---GTCAT
GT---GTCRT

GrGGTSTCRT
GC---GTPAT
CTGOTGTGAT
k- --GTGAT

ST- ~--GTTAT
G7T---GTCAT
GA---GTAAT
GT- - -GTTAT
G-~ -GTGAT
GA---GTGAT
Gh-~-GTGAT

GT---GTGAT
GT---GTTAT
aT---GTGAT

GT---GTGAT
G-~ -GTTAT
GT---GTGAT
G- - ~-GTGAT
GT---GTTAT
GT---GTCAT
GC- -~ ~GTTAT
GA---GTAAT
GT---GTTAT
GT---GTGAT
GT---GTGAT
GT---GTGAT
GC---GTCAT
GT---GTTAT
S3T-~-GTTAT
GA---GTGAT

GT-- -GTGAT
GT'---GTGAT
GT---GTAAT

GT---GTTAT
ST---GTGAT
GA---GTGAT
GT---GTTAT
?A---GTTGT

GT---GTTAT
GC~-~-GTGAT

GT---C?2AT
GC---GTGAT
GT---GTGAT
GT-~-GTCAT

GT-+--GTGAT
GT~~-GTGAT
GT---GTCAT

Appendix: con’t

GGTCOGCATG
GGTTGSEATG
GOTTSGGATG
GETCHGGATG
GGTIGGSATG
GGTCSGAATS
GGTTGGAATG
GGTTGGTATS
SGTTGGGATG
GG TTGGAATG
GGTAGGRATG
GGTTGECATG
CGTTGGTATG
GGTAGGRATG
GGTAGGGATG
GGTTGGTATG
GGTAGGAATG
GGTTGSARTG
GGTGGGTATG
GGTTGGAATG
GGTTGGTATG
GGTTGGTATG
GGTTGGTATG
GGTGGGTATS
GGTTGGCATG
GGTTGGAATG
GGTTSGAATG
GGTTGGAATG
GGTTGGGATS
GGTTGGTATG
GGTSGGTATG
GGTTGGCATG
GGTTGGCATS
GGTTOGAATG
GGTCEGAATG
GGTTGGGATG
GGTTGGCATG
GGTTGGCATG
GGTTGGGATG
GGTTGGCATG
GGTTGGGATSG
GGTTGGTATG
GGTTGGCATG
GGTTEGCATG
AGTTGGTATG
GGTTGGGATG
GATGGGTATG
GGTGGGCATG
GGTTGGCATG
GGTTGGCATG
GGTAGGGATG
GGTGGGCATG
GGTTGGAATG
GGTCGGCATG

GGGCAGRAGG
GOTCAARAGG
GGTCARRRGG
GGGTAGARGS
GGGCRARAGG
GGCCAGRAGG
GGCCARAMARG
GGCCAGRAGG
GGACAARALG
GGCCAAARGG
GGATAGAAGG
GGCCAGRAAG
GGCCAGAARG
GOGCARAALMG
GGTCAAARGG
GGTCAAARAG
GGACAGARGG
GOCCAGARGG
GGTCRAAMRG
ACACAGAAGG
GGGCAAADAG
GGGCARAAAG
GGTCAARRAG
GGTCARAARAG
GGCCAGARAG
GGTCAGAARG
GGACAAARAG
GGACAGARRG
GGGCAARARG
GGTCAAAAGG
GGT???AARG
GGCCAGARGG
GGGCAAARRG
GGACAMARAG
GGACAGAAGG
GGTCAARARGG
GGCCTAAARG
GGCCAAAMRG
GGGCAARAGG
GGTCAGARGG
GGTCAAAAGG
GGCCAGAARG
GGCCAARARG
GGTCAAMAGG
GGCCAGRAAG
GGTCAAMAGG
GGCCAAARGS
GGCCAARRGG
GCGCAGAAGG
GGGCAGARAGG
GGGCAGARGG
GGCCAAAAGG
GGCCAGARGG
GGCCAMAAGG

ATTCCTACGT
ATGCCTATGT
ATGCCTATGT
ACGCCTACGT
ATGCTTATGT
ACGCCTACGT
ATGCCTATGT
ATGCCTATGT
ATGCTTATGT
ATGCCTATGT
ATGCATATGT
ATGCCTATGT
ATGCCTATGT
ATGCATATGT
ATGCATATGT
ATGCTTATGT
ATGCATATGT
ATGCCTATGT
ACGCCTATGT
ATGCATATGT
ATGCATATGT
ATGCATATGT
ATGCGTATGT
ACGCCTATGT
ATGCCTATGT
ATGCATATGA
ATGCCTATGT
ATGCCTATGT
ATGCCTATGT
ATGCATATAT
ATGCCTACGT
ATGCTTATGT
ATGCATATGT
ATGCCTATGT
ATGCTTATGT
ATGCCTATGT
ATGCATATGT
ATGCATATGT
ATGCATATGT
ATGCTTACGT
ATGCCTATGT
ATGCATATGT
ATGCATATGT
ATGCCTATGT
ATGCATATGT
ATG?CTATGT
ATGCATACGT
ATGCATACGT
ATGCGTATGT
ATGCGTATGT
ATGCATATGT
ATGCATATGT
ACGCCTGTGT
ATGCCTACGT
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GGGCGACGAG
AGGTGATGAR
AGGTCATGAA
TGGTGACGAG
TGGCGATGAA
CGGCGACGAG
GGGTGATGAG
GGGTGATGAA
COGTGATGAG
TGGTGATGAA
TGGCGATGAG
TGGTGATGAG
TGGTGATGAG
TGGAGATGAR
TGGTGATGAR
AGGMAGATGAR
TGTTGATGAG
TGGAGATGAG
GGGAGATGAA
?GGTGATGAA
TGGTGATGAA
TGGTGATGAA
TGGTGATGAA
GGGAGATGAA
TGGTGACGAG
TGETGATGAR
TGGTGATGAA
GGGTGACGAA
TGGTGATGAR
TGGTGACGAA
GGGAGATGAA
TGGTGATGAG
TGGTGATGAA
TGGTGATGAR
GGGTGATGRA
TGGTGATGAA
CGGGGATGAR
TGGTGATGAG
TGGGGATGAG
GGGTGATGAA
AGGTGATGAA
TGGTGATGAG
TGGGGATGAA
TGGTGATSAA
TGGTGATGRA
TGGTGATGAA
GGGCGACGAA
GGGCGACGGA
TGGCGATGAG
TGGTGACGAG
TGGTGATGAG
GGGCGATGAA
AGGTGACGAG
AGGTGATGAG

GCACAGTCTA
GCCCAATCTA
GCCCAATCTA
GCGCAGTCCA
GCTCRATCCA
GCGCAGTCCA
GCACARATCARA
GCTGCAGTCG
GCCCAATCCA
GCACAATCCA
GCACAGTCGA
GCTCAATCCA
GCTCAATCCA
GCTCAATCCA
GCTCAGTCAA
GCTCAATCAA
GCTCAGTCGA
GCTCAGTCGA
GCTCAATCGA
GCTCAATCCA
GCTCAATCGA
GCTCAATCGA
GCTCAATCG?
GCTCARTCGA
GCTCARATCCA
GCTCAATCCA
GCTCAGTCCA
GCTCARATCCA
GCTCAGTCTA
GCTCAGTCCA
GCTCAATCAA
GCTCAATCCA
GCTCAATCCA
GCTCAGTCTA
GCTCAATCCA
GCCCAATCAL
GCTIAGTCCA
GCACAGTCTR
GCTCAGTCCA
GCCCAATCAA
GCCCACGTCAA
GCACAATCTA
GCTCAATCCA
GCCCAATCCA
GCACRAGTCC
GCCCAATCCA
GCCCAGTCCA
GCCCAGTCCA
GCTCAGTCCA
GCCCAGTCCA
GCACAGTCCA
GCTCAGTCCA
GCACAGTCAA
GCTCAGGCCA

Moniz de 84
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AGCGTGGT--
AMAGAGGT--
AAAGAGGT- -
AGAGGGGT--
ARCGAGGT--
AGAGGGGT--
AMRGARGGT--
ARAAGRGGGA
AGAGGGGT--
ABAGGGGT-~
AACGTCEGT-~
AMAGGGGT -~
AAAGGGGT -~
AACGTGGT--
ARAGGGGT~--
AGCGAGGT--
BACGTGGT--
AACGTGGT--
AGAGAGGT--
AGAGGGGT--
AACGTGGT--
AACGTGGT-~
AACGTGGT~-
AGAGAGGT--
AAAGGGGT--
AGAGGGGT--
AAAGAGGT--
AGAGGGGET- -
ABAGAGGT~-
AAAGGGGT--
ABRAGAGGT--
ARAGGGGT--
ARCGTGGT--
ARAGRGGT-~
AGAGAGGT--
ARAGAGGT--
AGAGAGGT-~
AGAGGGGT~ -
AGCGTGGT--
ABAAGGGGT--
AAAGAGGT--
ARCGTGGT--
AGAGAGGT~~
AARGAGGT--
AACGTGGT--
AAAGAGGT~-
AGAGAGGC--
AGAGAGGC--
AGAGGGGT- -
AGAGGGGT--
AGAGAGGT--
AAAGAGGT--
ARAGAGGT--
AGAGAGGC--



vivx
PsAc2
PsAcl
SoAcl
Abdcl
RAcC1
RAC3
RACY
RAC2
DcAcl
pLdé
pt6eé
pt79
pL82
PoAcl01
POACSS
PoAcCT7
PoAcTS
PoAcS7T
PoAcC99
prd2
pLes
tm32
tmdl
tm52
tm51
tml{5
th103
tbiC4
[ 11
tb71
tbo3
tobl
th&3
th54
s0y109
soy115
soyll8
soyll9
=0y57
s0v5H8
50y69
scy70
sov86
SAcl
Sac3
mz56
mzé63
mz 81
mz83
mz87
mz 89
mz 95
MAcl

-ATCTTGACG
-ATTCTTACT
-ATTCTTACT
~ATCCTGACC
-ATTTTAACT
-ATCTTGACC
~ATCTTGACC
TATCTTGACA
«ATCCTAACC
-ATCATCACA
-ATTTTGACA
-ATTTTGACT
-ATTTTGACT
-ATTCTCACA
-ATTCTCACC
-ATCTTAACG
-ATTCTTACA
~-ATTCTGACA
-ATTTTAACT
-ATCTTGACC
-ATTCTATCA
~ATTCTATCA
-ATTCTATCT
-ATTTTAACT
-ATTTTGACT
-ATCTTGACC
-ATTTTGACT
-ATCTTGACC
~ATTCTGACT
-ATTCTCACC
-ATTTTAACT
~ATTTTGACT
«ATTCTAACT
-ATTTTGACT
-ATCTTGARCC
-ATTCTTACT
-ATATTAACT
-ATTTTGACT
~ATACTAACT
-ATACTCRCC
-ATTCTTACT
-ATTCTGACT
~ATATTAACT
=-ATTCTTACT
-ATTCTGACT
-ATTCTTACT
-ATTCTGACG
-ATTCTGACG
-ATCCTGACT
-ATCCTGACT
~ATTCTCACG
-ATTCTGACA
-ATCTTGACC
-ATCCTGACA

Appendix: con’t

TTGCGC---T
CTTAAG---T
CTTAAG-~--T
CTCARG---T
CTCAAG---T
CTCAAG---T
TTGARA---T
TTGARA---T
TTGARA---T
TTGAAL---T
CTGAAG---T
TTGARG---T
TTGAAG-~-T
TTGAAA---T
TTAARG--~T
TTGAAG---T
CTARAG---T
TEGAAG---T
CTTAAA-—~T
TTGAAAAR??T
TTGARAA-~-T
TTGAARR---T
TTGARA--~T
CTTAAA---T
TTGARG---T
TTGAAA---T
CTGAAG- =T
TTGAAG---T
TTGAARR---T
TTGAAG---T
CTTAAA---T
TTGAAG---T
TTGAAR---T
CTAARAA---T
TTGAAA---T
CTCAAG---T
CTCAAA---T
CTCARG---T
CTGARA---T
TTGAAG---T
TTGAAG=~-T
CTCAAG~~-T
CTCAAA---T
CTCAAG---T
CTCAAG---T
CTCARG---T
CTCARG---T
CTCAAG-~--T
TTGAAG-~-T
TTGARG---T
CTCAAG-~--T
CTGAAG---T
TIGAAG---T
CTGAAG---T

ACCCTATTGA
ACCCCATTGA
ACCCCATTGA
ACCCCATCGA
ACCCTATTGA
ACCCCATCGA
ACCCTATTGA
ACCCAATCGA
ACCCCATTGA
ACCCAATTGA
ATCCAATTGA
ATCCGATTGA
ATCCGATTGA
ACCCAATTGA
ATCCCATTGA

ACCCGATTGA
ATCCAA?TGA

ATCCTATTGA
ACCCAATTGA

AGTCAAGTGA

ATCCAATTGA
ATCCAATTGA
ATCCAATTGA
ACCCAATTGA
ATCCGATTGA
ACCCAATTGA
ATCCAATTCG
ACCCAATTGA
ATCCGATTGA
ATCCCATTGA
BRCCCAATTGA
ATCCARTTGA
ATCCAATTGA
ATCCGATTGA
ATCCTATTGA
ATCCCATTGA

ATCCCATTGA

ACCCCATTGA

ATCCCATTGA

ATCCTATAGA
RCCCAATCGA
ATCCCATTGA
ATCCCATTGA
ATCCCATTGA
ATCCGATTGA
ATCCCATTGA
ACCCAATCGA
ACCCAATCGA
ACCCGATCGA
ACCCCATCGA
ACCCGATTGA
ACCCAATTIGA
ACCCCATTGA
ACCCGATTGA

GCACSGTATC
GCACGGTATA
GCACGGTATA
GCACGGAATC
GCATGGAATT
GCATGGTATC
GCATGGTATG
GCATGGTATT
GCATGGAATT
ACACGGCATT
ACATGGCATA
ACACGGTATT
GCACGGTATT
GCACGGTATT
GCATGGAATA
GCATGSTATT
ACATGGCATA
RCATGGTATT
ACACGGAATT
GCATGGTATA
GCATGGTATT
GCATGGTATT
GCATGGGATT
GCACGGAATT
ACATGGTATT
ACACGGTATT
ACATGGTATA
GCACGGTATA
ACATGGTATC
GCATGGAATA
GCATGGAATT
ACACGGAATC
ACATGGTATT
ACACGGCATA
GCATGGTATA
GCATGGTATA
GCATGGTATT
ACACGGAATT
GCATGGTATT
GCATGGCATA
GCATGGTATA
GCATGGTATT
GCATGGTATT
GCATGGTATA
GCATGGTATT
GCATGGTATA
GCACGGSCATT
GCACGGCATT
ACATGGCATT
ACATGGTATT
GCACGGTATT
GCACGGCATT
GCACGGTATC
GCATGGCATT
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GTTACCAACT
GTCAGTAACT
GTCAGTAACT
GTCAGCAACT
GTCAACAATT
GTCAGCAACT
TGGAACAAST
GTCAACAACT
GTAAGCAATT
GTTAGCAATT
GTGAATAATT
GTTAGCAATT
GTTAGCARATT
GTTAGCAATT
GTAAGCAACT
GTCAGCAATT
GTGRATAATT
GTTAATARCT
GTCAGCAATT
GTCAGCAACT
GTGAGCAATT
GTGAGCAATT
GT AGTAATT
GTCAGCAATT
GTTAGCAATT
GTCAGCAACT
GTAGACAACT
GTCAGCARACT
GTCAGCAACT
GTAAGCAACT
GTCAGCAACT
GTTAGCAATT
GTTAGCAACT
GTAARGCAACT
GCCAGCAACT
GTCAGCAARCT
GTGAGTAARCT
GTGAGCAATT
GTCAGTAACT
GTCAGCAACT
GTCAGTAACT
GTTAGCAACT
GTGAGTAACT
GTCAGCAACT
GTTAGCAACT
GTCAGCAACT
GTGGGCAACT
GTGGGCAACT
GTCAACAACT
GTTAGCAATT
GTAAGCAACT
GTCGGCAACT
GTGAACAACT
GTCAACAACT

GGGATGACAT
GGGATGACAT
GGGATGACAT
GGGACGATAT
GGGATSACAT
GGGATGATAT
GGGACGACAT
GGGATGACAT
GGGATGACAT
GGGATGACAT
GGGATGACAT
GGGATCSACAT
GGGATGACAT
GGGATGATAT
GGGATSATAT
GGGATGATAT
GGGATGACAT
GGGATIACAT
GGGATGATAT
GGGATGATAT
GGGATGACAT
GGGATGACAT
GGGACGATAT
GGGATGATAT
GGGATGACAT
GGGATGATAT
GGGATGATAT
GGGATGACAT
GGGATGACAT
GGGACGATAT
GGGATGATAT
GGGATSATAT
GGCATGATAT
GGGATGATAT
GGGATGATAT
GGGATGACAT
GGGATGACAT
GGGATGATAT
GGGATGACAT
GGGACGATAT
GGGATGACAT
GGGATGATAT
GGGATGACAT
GGGATGACAT
GGGATGATAT
GGGATGACAT
GGGACGACAT
GGGACGACAT
GGGATGATAT
GGGATGACAT
GGGATGACAT
GGCGATGACAT
GGGATGATAT
GGGATGACAT

Moniz de i
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GGASAAGATC
GGAGAAGATC
GGAGAAGATC
GGAGAAGATC
GGAGAAGATT
GGAGAAGATC
GSAGAAANTC
GGAGAAGATA
GGAGAAMATT
GAGA---ATA
GGAGAAGATT
GGAGAAGATT
GGAGARGATT
GGAGAAAATT
GGAGAAGATT
GOAGAAMGATA
GGAGARGATT
GGAGAAGATT
GGAGAAGATA
GGAGAAGATA
GGAGAAAATC
GGAGAAMNATC
GGAGAAAATA
GGAGAAGATA
CGAGAAGATT
GGAGAAGATC
GGAGAAMATC
GGAGAAGATA
GGAGAAANDT
GGAGAAGATC
GOAGMAGATA
GAAGARAANTT
GGAGAAMNATC
GOAGANMATA
GGAGAAAATA
GGARAAGATC
GGAGAAGATC
GGAAARGATT
GGAGAAAATC
GGACAAGATI
GGAMAAGATC
GGARAAGATT
GGAGAAGATC
GUAATAGATC
GGAAAAGATT
GGAMARGATC
GGAGAAGATC
GGAGAAGATC
GGAGAAGATC
GOAGANGNTC
GGAGAAANTC
GOAGAANGATC
GGAGAAMATC
GGAGAAC---



wlvy
Psha2
pEhAcl
Sahol
Lic]
KAcl
RACS
rACT
RACY
DrAcl
pedh
pLee
pr79
praz
PoRAc10l
PoACSE
PoAc7l
POACTS
PoAcS7
PoAC99
prd2
IPE6S
em32
tmdl
LtmS2
cmSl
tmi0s
th103
tb104
thés
tbh71
the3
tobl
chb3
chb4
soyl109
soylls
soyll8
soyll9
soy57
soyhE
soy69
soy70
z0yB6
Sacl
SAC3
mz56
mz63
mz81
mz83
mz 87
mzB89
mz95
MAcl

TGOUCACCRECA
TGOCACCATA
TGGTACCACA
TGGCRTCACA
THGCATCRCA
TGOURTCACA
TGGCATCACA
TGGCACCAZA
TGSCACCACA
TGGCMNTCACA
TGGCATCATA
TGGCATCATA
TGGCATCATA
TGGCATCATA
TGGCATCATA
TGGCATCATA
TGGCATCATA
TGGCATCACA
TGGCATCATA
TGACATCATA
TGGCATCATA
TGGCATCATA
TGGCATCATA
TGGCATCATA
TGGCATCATA
TGGCATCATA
TGGCTATCACA
TGGCATCATA
TGGCATCATA
TGGCATCATA
TGGCATCATA
TGGCATCACA
TGGCATCATA
TGGCATCACA
TGGCATCATA
TGGCATCACA
TGGCATCACA
TGGCATCATA
TGGCATCACA
TGGCATCACA
TGSCATCACA
TGGCATCATA
TGGCATCACA
TGGCGTCACA
TGGCATCATA
TGGCATCACA
TGGCACCACA
TGGCACCACA
TGGCACCACA
TGGCACCACA
TGGCATCACA
TGGCACCACA
TGGGCACCAC
TGGCATCACA

Appendix: con’t

CTTTCTTTRA
CATTTTACAA
CATTTTACRA
COTTCTACRA
CTTTCTACAA
COTPCTRCAR
CCPTCTACAR
CCTTCTACAA
CATTCTACAR
CTTTCTACAA
CGTTCTATARA
CCTTTTACAA
CCTTTTACAR
CTTTTTACAA
CCTTTTACAA

CTTTCTATAA

CATTCTATAA
CTTTCTACRA
CTTTCTACAA
CTTTCTACAA
CATTTTACAA
CATTTTACAR
CATTCTACAA
CTTTCTACAR
CCTTTTACAA
CTTTCTACAA
CTTTTTACAA
CCTTCTACAR
CATTTTACAA
CCTTTTACAA
CTTTCTACAA
CCTTCTACAA
CATTTTACAA
CATTTTACAA
CTTTCTACARA
CATTTTATAA
CCTTCTACAA
CCTTCTATAA

CTTTCTACAA
CATTTTACAA
CATTTTACAA
CCTTCTATAA
CCTTCTACAA
CATTTTATAA
CCTTCTATAA
CATTTTATARA
CCTTCTACAA
CCTTCTACAA
CCTTCTATAA
CCTTCTATAA
CTTTCTACAA
CCTTCTACAA
ACCTTCTACA
CCTTCTACAA

TGRGCTTCGT
TGARTTGCGT
TGARTTGCGT
CGAGCTCCGT
TGAGCTCCGT
CGAGCTCOGT
TGAGCTGCGT
TGAGCTCCGT
TGAGCTTCGT
TGAGCTGCGT
TGARACTTCGA
TGARCTTCGT
TGARCTTCGT
CGAGCTTCGT
TGAGTTCCGT

CGAGCTTCGT

TGAARCTTCGA
TGAACTTCGA
TGAGCTTCGT
TGAGCTTCAT
TGAACTTCGT
TGAACTTCGT
CGAACTTCGA
TGAACTTCGT
TGAARCTTCGT
TGAGCTTCGT
TGAGCTCCGR
CGAGCTTCGT
CGAGCTTCGT
TGAGTTGCGT
TGAGCTTCGT
TGAACTTCGT
CGARACTTCGT
TGAGCTCCGET
TGAGCTTCGA
TGAACTTCGT
TGAACTCCGT
TGAGCTTCGT

TGAARCTCCGT
TGAGCTACGT
TGAATTGCGT
TGAGCTTCGT
TGAACTCCGT
TGAACTTCGT
TGAGCTTCGT
TGAACTTCGT
CGAGCTCCGT
CGAGCTCCGT
CGAACTCCGT
TGAACTCCGT
TGAGCTCCGT
TGAGCTTCGT
TGAACTGCGT
CGAGCTCCGT

GTGGCACCGG
GTTGCTCCTG
GTTGCTCCTG
GTGGCTCCCG
GTTGCTCCTG
GTGGCCCCGEG
GTGCTCLCTG
GTGGCTCCTG
GTAGCACCAG
GCTAGCCCTS
GTTGCTCCAG
GTGGCTCCAG
GTGGCTCCAG
GTGGCACCAG
GTTTCTCCTG
GTTGCACCAG
GTTGCTCCAG
GTTGCTCCAG
GTTGCCCCTG
GTTGCCCCCG
GTTGCTCCAG
GTTGTTCCAG
GTGGCTCCAG
GTTGCCCCTG
GTGGCTCCAG
GTTGCCCCCG
GTTGCTCCTG
GTTGCCCACG
GTTGCTCCCG
GTTGCTCCTG
GTTGCGLCCG
GTGGCTCCAG
GTTGCGCCAG
GTTGCTCCCG
GTTGCTCCTG
GTTCTGCCTG
GTCTCGCCTG
GTTGCCCCAG
GTGGCGCCAA
GTTGCCCCTG
GTTGCTCCTG
GTGGCCCCAG
GTCGCTCCTG
GTTGTTTCCG
GTGGCCCCAG
GTTGTTTCCG
GTGGCGCCTG
GTGGCGCCTG
GTTGCGCCTG
GTGGCGCCTG
GTTGCCCCGEG
GTGGCRACCTG
GTTGCTCCTG
GTTTCGCCTG
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AGGAGCACCC
AGGAGCACCC
AGGAGCACCC
AGGAGCACCC
AGGAACATCC
AGGAGCACCC
AGGAACATCC
ALGAGCATCC
AAGAGCATCC
AAGAGCACCC
AAGRACGTCC
AGGAGCACCC
AGGAGCACCC
AGGAACACCC
ATGAGCACCC
AGGAGCATCC
AAGAACATCC
AAGAGCATCC
AGGAGCATCC
AGGAGCACCC
AGGAACACCC
AGGAACACCC
AGGAACACCC
AGGARGCARTCC
AGGCGCACCC
AGGAGCACCC
AGGACGATTC
AGGAGCACCC
AGGAGCATCC
ARAGAGCATCC
AGGAGCATCC
ARGAACACCC
AGGAACACCC
AGGAGCATCC
ARAGAACACCC
AGGACGACCC
AGGAGCACCCT
AAGGGCATCC
AGGAGCACCC
BAGARCACCC
AGGACGACCC
AAGAGCATCC
AGGCAAGCCC
AGGAGCCCCA
AAGAACATCC
AGGAGCCCCA
AGGAGCACCC
AGGAGCACCC
AAGAGCACCC
AAGAGCACCC
AGGRGCACCC
AGGAGCRACCC
AAGAGCACCC
AAGATCACCC

AGTCCTTCTC
AGTGCTTCTA
AGTGCTTCTA
CGTCCTCCTC
TATTCTACTT
CGTCCTCCTC
AATTTTGCTG
TGTATTGCTG
AARTTCTTCTT
GGTACTACTT
TGTTCTCCTT
AGTTCTCCTC
AGTTCTCCTC
TGTACTGCTC
TGTGCTACTT
TGTCCTCCTA
TGTTTTGCTT
GGTTCTGCTC
TGTCCTCCTA
TGTTGTGCTC
TGTTCTACTC
TGTTCTACTC
TGTTCTTCTC
TGTCCTCCTA
AGTTCTCCTC
TGTTCTGCTT
CATTCTTTIC
TGTTCTTCTC
TGTTCTTCTT
TTGGCTACTT
AGTCCTCCTT
TATTCTCCTC
TGTACTACTC
CCTTCTTCTEG
TGTTCTCCTG
AGTCGTTCTC
AGTTCTGCTC
AGTTCTCTTA
CGTTCTCCTC
CGTACTTCTT
AGTGCTTCTA
AGTTCTGTTG
AGTTCTGCTA
?GTGCTCTCA
AGTTCTGTTG
?GTGCTCTCA
TATACTGCTG
CATACTGCTG
TGTGCTGCTG
TGTCGTGCTG
TSTETTGCTT
TACACTGCTG
AGTTCTGCTG
TGTGCTECTG

Moniz de S4
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ACGGAGGCGC
ACTGAGGCTC
ACTGAGGTTC
ACTGAGGCGC
ACCGAGGCAC
ACCGAGGCTC
ACAGAAGCTC
ACCGAGGCTC
ACGGAGGCTC
ACAGAAGCAC
ACTGARGCAC
ACAGARGCTC
ACAGAAGCTC
ACAGAAGCAC
ACTGAAGCAC
ACTGRAGCAC
ACTGAAGCAC
ACTGAGGCAC
ACTGAAGCCC
ACTGAAGCAC
ACCGAAGCAC
ACCGAAGCAC
ACAGAGGCAC
ACTGAAMGCCC
ACAGRAGCTC
ACTGAAGCAC
ACTGAGGCAC
ACTGAAGCAC
ACTGAGGCAC
ACTGAAGCAC
ACTGAGGCGC
ACAGAAGCTC
ACTGRAGCAC
ACAGAGGCAC
ACTGAGGCAC
ACTGAGGCTC
ACCGAAGCAC
GCTGAGGCCC
ACCGARGCAC
ACCGAGGCAC
ACTGAGGCTC
ACAGAGGCTC
ACCGAAGCAC
?CTGAGGCCC
ACGGAGGCTC
?CTGAGGCCC
ACCGAGGCTC
ACCGRGGCTC
ACCGRAGCCC
ACGGAAGCCC
ACTGRGGCTC
ACCGAGGCTC
ACAGAAGCAC
ACCGAGGCCC



vivi
PsAc2
PsAcl
SoaAcl
AACl
Rhcl
RAc3
RACT
RAC2
Dcacl
prdé
pLeés
pt79
praz
PoAcl01l
POACHB
Poac7l
POACTS
PoAC97
PoACI99
ptd2
pt6s
tm32
tmdl
tm52
tm51
tmios
th103
thb104
théb
th71
tho3
tokl
ths3
tb54
soy109
soylls
soyll8
soylls
soy5s7
>y58
soy6%
soy70
soY86
Sacl
SAC3
mz56
mz63
mz 8l
mz83
mz 827
mz89
mz 95
Macl

CTCTTAATCC
CACTCAACCC
CACTCAACCC
CCCTGAMCCT
CGCTTARCCC
CTCTCAACCC
CTCTGAACCA
CTATGAACCC
CGCTTAACCC
CACTGAACCC
CTCTCAACCC
CTCTTAACCC
CTCTTARCCC
CTCTTAACCC
CCTTGAACCC
CTCTTAATCC
CTCTCAACCC
CTCTCAATCC
CTCTTAACCC
CTCTCAACCC
CTCTCAATCC
CTCTCAATCC
CTCTAMRCCC
CTCTTARCCC
CTCTTAACCC
CTCTCARCCC
CACTTAACCC
CTCTCAACCC
CACTTAACCC
CCTTGAATCC
CTCTTAACCC
CTCCTAATCC
CTCTTARCCC
CGCTTAACCC
CRCTTAATCC
CTCTCARCCC
CTCTCARCCC
CTCTTAACCC
CTCTCAACCC
CARCTCAATCC
CACTCAACCC
CTCTTAACCC
CTCTCAACCC
CCCTCAACCC
CTCTTAARCCC
CCCTCARCCC
CTCTGARCCC
CTCTGAACCC
CACTCAACCC
CACTCAACCC
CTTTGAACCC
CTCTGAACCC
CTCTGAACCC
CTCTCAACCC

Appendix: con’t

CAAGGCGAAC
AAAGGCCAAC
BAAGGCCAAC
CAAGGCTRAC
GARAGCTAAT
CAAGGCCAAT
AAGGGCTAAT
CAAGGCAAAL
TAAGGCCAAC
AAAAGCAAAT
TAAGGCTAAT
AAAAGCCAAT
ARARAGCCAAT
GAAGGCTAAT
CAAGGCCALT
AAAAGCTAAT
TAAGGCTAAT
AMRAGGCTAAT
CAAGGCTAAT
TAAG?CCARAC
TAAGGCTAAT
TARGGCTAAT
TAAGGCGAAT
AAAGGCTAAT
ARAAGCCAAT
TAAGGCCAAC
TAAGGCGAAC
TAAGGCCAAC
CAAGGCARAC
AAAGGCCAAT
ARAGGCTAAT
AAAGGCCAAT
GARAGGCTAAT
TAAGGCAAAC
TAAGGCCARC
AARGGCCAAC
BAAGGCTAAT
TAAGGCTAAT
AAAMGGCTAAT
CARAGGCCAARC
DAMGGCCARMC
TAAGGCTAAC
ABAGGCTAAT
ARAGGCCAAC
TAAGTATRAC
AARGGTCAAC
CAAGGCCAAC
CAAGGCCAAC
BARGGCTAAC
CARRGCTAAC
AAAGGCCARC
CARGGCAAAC
AAAGGCAARAC
CARGGCCAAC

CGTGAGAAGA
AGAGAAAAGA
AGAGAAAAGA
CGTGAGAAGA
CGTGAGAAGA
CGTGAGAAGA
AGAGAGAAAA
AGAGASAAGA
AGGGAGAAGA
AGGGAAAAGA
CGCGAGAARA
CGAGAGAAGA
CGAGAGAAGA
CGTGAGAAAA
AGAGAGAARA
CGTGARAAAA
CGCGAGAARA
CGTGAGAARA
CGTGAAARGA
AGAGAGAAAR
CGTGAGAAGA
CGTGAGAAGA
CGCGAARAGA
CGTGAAAAGA
CGAGAGAAGA
AGAGRGAAAA
CGAGAGAARA
AGAGAGAAAA
CGAGAGAAAA
AGAGAGAAGA
CGTGAAAAGA
CGAGAAAAGA
CGCGRAAAGA
CGAGAGARAR
AGAGAGAAGA
AGAGAAAAGA
CGGGAGAAAA
CGTGAGAAGA
CGTGAGAARR
AGARGAGAAGA
CGAGARAARA
CGTGAGAAGA
CGTGAGARAA
AGAGAAARGA
CGTGAGAAGA
- = -AGAGAAA
AGGGAGAAGA
AGGGAGAAGA
AGGGAGAAGA
AGGGAGRAGA
AGGGAGARGA
AGGGAGARGA
AGAGAGAAGA
AGAGAGARAR

TGACGCAGAT
TGACCCAAAT
TGACCCAAAT
TGACCCAGAT
TGACTCAAAT
TGACCCAGAT
TGACCCAAAT
TGACCCAGAT
TGACACAAAT
TGACCCAGAT
TGACTCAGAT
TGACTCAGAT
TGACTCAGAT
TGACTCAAAT
TGACACAGAT
TGACACAGAT
TGACTCAGAT
TGACTCAAAT
TGACCCAGAT
TGACCCAGAT
TGACTCAAAT
TGACTCAAAT
TGACTCAAAT
TGACCCAGAT
TGACTCAGAT
TGACCCAGAT
TGACTCAAAT
TGACCCAGAT
TGACCCAGAT
TGACACAGAT
TGACCCAGAT
TGACTCAGAT
TGACTCAAAT
TGACTGAAAT
TGACCCACAT
TGACCCARAT
TGACCCRAAT
TGACCCAAAT
TGACCCAAAT
TGACCCAAAT
TGACCCRAAT
TGACCCAAAT
TGACCCARAAT
TGACCCAAAT
TG?CCCEGUT
GTGCCCAAAT
TGACCCAGAT
TGACCCAGAT
TGACCCAAAT
TGACCCABRAT
TGACCCAGAT
TGAZCCAGAT
TGACCCAAAT
TGACGCAGAT

139

CATSTTCGAG
CATGTTTGAG
CATGTTTGAG
CATGTTCGAG
CATGTTTIAG
CATGTTTGAG
CATGTTTGAG
CATGTTCGAG
TATGTTTIAG
CATGATTGAG
AATGTTTGAA
CATGTTTGAA
CATGTTTSAA
CATSTTCGAG
AATGTTTGAG
TATGTTTGAG
AATGTTTGARA
CATGTTCGAA
TATGTTTGAG
TATATTT?AG
CATGTTTGAG
CATGTTTGAS
CATGTTTGAG
TATGTTTGAG
CATGTTTGAA
TATGTTTGAG
CATGTTTGAG
TATGTTTGAA
CATGTTTGAG
CATGTTTGAG
TATGTTTGAG
CATGTTTGAG
CATGTTTGAG
CATGTTCGAG
TATGTTTGAG
CATGTTTGAG
TATGTTTGAG
CATGTTTGAG
TATGTTTGAG
TATGTTTGAG
CATGTTTGAG
TATGTTTGAG
TATGTTTGAG
CATGTTTGAG
TATGTTTGAG
CATGTTTGAG
CATGTTTGAG
CATGTTTGAG
CATGTTTGAG
CATGTTTGAG
TATGTTCGAG
TATGTTCGAG
TATGTTCGAG
TATGTTTGAA

ACCTTCAAC-
ACCTTCAAT-
ACCTTCAAT-
ACCTTCAAC-
ACTTTCAAT-
ACCTTCAAC-
ACATTCAAT-
ACCTTCAAC-

ACATTCACGT

ACCTTTAAT-
ACATTCAAT -
ACCTTCAN -
ACCTTCAAC -
ACATTCAAT-
ACTTTCAAT-
ACTTITAAT -
ACATTCAAT-
ACATTCAAT-
ACTTTCAAT~
ACCTTCAAT-
ACATTTAAC-
ACATTTAAC-
ACCTTCAAC-
ACTTTCAAT-
ACCTTCAAC-
ACCTTCAAC -
ACATTCAAT-
ACATTCRAC-
ACCTTCAAT-
ACTTTCAAT-
ACTTTTAAT-
ACCTTCAAC-
ACATTTANT-
ACATTCAAT -
ACATTTAGC -
ACCTTCAAT -
ACCTCCAAT-
ACCTTTAAC-
ACCTTCAAC-
ACTTTCAAT-
ACCTTCART-
ACCTTTAAT-
ACCTTCAAT-
ACCTTCAAT -
ACCTTTGGT-
ACCTTCAAT-
ACGTTTAGE -
ACGTTTAGC-
ACTTTCAAT -
ACCTTCAAT-
ACTT'TCAAT -
ACATTCAAC -
ACATTCAAT-
ACCTTCGAAM-

----- gt

1

i
]
¢4
e
]

----- AC
————— ACTCR
————— arTee

Moniz de Sa

=

3

3

IFArRe]

i
2R EVEy]

~TGCCC

————— ACTCC

----- GCCCC

------ GTTCC
————— AOTCC
————— ACCC
————— GIGCC

————— Gce
----- GITCT
----- Grace

----- GITCC
- - - SGTTCC
----- LT



v1lvx
PoAc?
Fahel
SohAcl
AACY
RAc]
RACI
RACT
RAc2
Dehcl
prd6
pr&é
pr79
pri2
Pohcl01
FohcS8
Pohc?l
PoAcT7S
Pohc9?
POAC9Y
prdz
pteh
tm32
tmdl
tm52
tm51
tmlls
tbl03
thiod
théeé
th71
th93
tobl
thh3
thoq
soyl09
soyl15
soyll8
s0y11%
soy57
s0y58
s0y69
s0y790
s0yY8B6
SAcl
SAC3
mz56
mzé63
mz8l
mz 33
mz 87
mz 89
mz 95
MAcl

TGCCATGTAT
TGCCATGTAT
TGCCATGTAT
COCCATGTAC
TGCTATGTAT
PGCTATGTAL
AGCAATGTAT
AGCGATGTAC
AGCCATGTAT
TGCCATGTAT
ARGCAATGTAT
TGCCATGTAT
TPGCCATGTAT
CGCTATGTAT
TGCCATGTAC
AGCTATGTAT
TGCAATGTAT

AGCTATGTAT
GGCTATGTAT
TGCTATGTAT
TGCTATGTAT
TGCAATGTAT
AGCTATGTAT
TGCCATGTAT
AGCTATGTAT
AGCCATGTAT
GGCTATGTAT
TGCCATGTAT
TGCCATGTAT
AGCTATGTAT
TGCCATGTAT
TGCTATGTAT
AGCCATGTAT
AGCTATGTAT
TGCCATGTAT
TGCCATGTAT
CGCTATGTAT
TGCTATGTAT
TGCCATGTAT
TGCCATGTAT
TGCTATGTAT
TGCAATGTAT
TGCCATGTAT
TGCTGTGTGT
TGCCATGTAT
AGCAATGTAT
AGCAATGTAT
TGCCATGTAT
TGCCATGTAT
TGCCATGTAC
AGCAATGTAT
AGCAATGTAT
AGCAATGTAT

Appendix: con’t

GTGGCGATCC
GTGGCCATCC
GTGGCCATCC
GTCGCCATCC
GTGGCTATTC
GTCGCCATCC
GTGGCTATTC
GTTGCCATCC
GTCGCTATTC
GTTGCTATCC
GTTGCTATCC
GTTGCCATTC
GTTGCCATTC
GTTGCCATTC
GTCGCTATTC
GTTGCTATAC
GTTGCTATTC
GTTGCTATTC
GTTGCTATTC
GTCGCCATTC
GTCGCCATTC
GTCGCGATTC
GTTGCTATTC
GTTGCCATCC
GTTGCTATTC
ATTGCAATCC
GTTGCTATTC
GTTGCAATCC
GTTGCTATTC
GTTGCTATAC
GTCGCCATTC
GTCGCCATTE
GTCGCGATCC
GTTGCTATTC
GTGGCCATCC
GTTGCCATCC
GTAGCCATCC
GTTGCCATCC
GTTGCRATTC
GTGGCCATCC
GTTGCTATTC
GTTGCCATCC
GTGGCCATCC
GTTGCTGTTC
GTAGCCATCC
GTGTCCATCC
GTGTCCATCC
GTCGCCATCC
GTCGCCATCC
GTTGCAATTC
GTGGCCATCC
GTTGCTATCC
GTTGCTATCG

AGGCCGETGCT
AGGCTSTCCT
AGGCTGTCCT
AGGCCGTCCT
AGGCTGTTCT
AGGCCETCCT
AAGCTGTTCT
AGGCCGTTCT
AAGCCGTGCT
AGGCTGTGCT
AAGCTGTTTT
AGGCTGTTCT
AGGCTGTTCT
ARGCTGTTCT
AGGCAGTCTT
AAGCTGTTCT
AAGCTGTTTT

AGGCTGTACT
AGGCTGTGCT
AAGCTGTTICT
AAGCTGTTCT
AAGCCGTACT
AGGCTGTACT
AGGCTGT?CT
AGGCTGTGCT
AGGCTGTTCT
AGGCTGTLCCT
AAGCCGTTCT
RAGCTGTGTT
AGGCTGTACT
AGGCTGTTCT
AAGCCGTTCT
AGGCTGTTCT
AGGCCGTGCT
AGGCTGTTCT
AGGCTGTTCT
AGGCTGTTCT
AGGCTGTTTT
AGGCTGTCTT
AGGCTGTCCT
AGGCTGTTCT
AGGCTGTTCT
AGGCTGTTCT
TGGECTSTTCT
AAGCTGTTCT
AGGCAGTTCT
AGGCAGTTCT
AGGCTGTGCT
AGGCTGTGCT
AAGCAGTCCT
AGGCTGTTCT
ARGCTGTCCT
AGGCTGTTCT

GTCGCTGTAT
CTCCCTCTAT
CTCCCTCTAT
CTCTCTGTAT
TTCTCTTTAT
CTCTCTGTAT
TTCACTATAT
TTCGTTGTAT
TTCCCTCTAT
GTCTCTATAT
GTCTTTGTAT
TTCCCTCTAT
TTCCCTCTAT
ATCCCTTTA™
GTCTCTTTAC

TTCSCTGTAT
GTCTTTGTAT
CTCACTGTAT
TTCCTTGTAT
CTCTCTITAT
CTCTCTTTAT
ATCTCTATAT
CTCACTGTAT
TTCCCTCTAT
TTCCTTGTAT
ATCTCTTTAT
TTCCTTGTAT
TTCTCTGTAT
GTCCCTATAC
CTCACTGTAT
TTCCCTCTAT
ATCCCTTTAT
CTCTCTGTAT
CTCATTGTAT
CTCCTTGTAT
ATCCTTGTAT
TTCACTTTAT
ATCTCTCTAT
GTCTCTGTAT
CTCCCTATAT
TTCACTGTAT
ATCCTTGTAT
CTCCTTGTAT
TTCACTGTAT
CTCCTTGTAT
TTCCCTGTAC
TTCCCTGTAC
TTCCCTGTAC
TTCCCTGTAC
GTCACTCTAT
TTCCCTGTAC
TTCCCTGTAT
TTCGTTGTAC
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GCTAGCGGTC
GCARGTGGTC
GCAAGTGGTC
GCCAGCGGTC
GCCAGTGGTC
GCCAGTGGTC
GCCRGTGGTC
GCCAGTGGTC
GCTAGTGGAC
GCTAGTGGCC
GCTAGTGGAC
GCCAGTGGAC
GCCAGTGGAC
SOCAGTGGTC
GCCAGTGGCC
GCCAGTGGTC

GCTAGTGGAC
2777220777

GCCAGTGGTC
GCTAGTGGTC
GCCAGTGGTC
GCTAGTGGTC
GCCAGTGGCG
GCCAGTGGTC
GCCAGTGGAC
GCTAGTGGTC
GCTAGTGGTC
GCTAGTGGTC
GCTAGTGGTC
GCCAGTGGCC
GCCAGTGGTC
GCCAGTGGAC
GCCAGTGGCC
GCTAGTGGTC
GCTAGCGGTC
GCCAGTGGTC
GCCAGTGGCC
GCAAGTGGTC
GCTAGCGGCC
GCCAGTGGAC
GCAARGTGGTC
GCCAGTGGTC
GCCAGTGCGC
GCAAGTGGTC
GCCAGTGGLC
GCAAGTGGTC
GCCAGTGGAC
GCCATGGGAC
GCCAGTGGAC
GCCAGTGGGC
GCTAGTGGCC
GCCAGTGGTC
GCCAGCGGTC
GCTAGTGGGC

GTACGACGGG
GTACAACAGG
GTACAACAGG
GTACCACAGG
GTACTACLGG
GTACCCAAGG
GTACAACAGG
GAACATCTGG
GTACTACTGG
GCACAACAGG
GTACAACTGG
GTACAACTGG
GTACAACTGG
GTACRACAGG
GTACRACAGG
GTACCACCGE
GTACAACTGG

GTACCACCGG
GTACAACTGG
GTACAACTGG
GTACAACTGG
GTACAACRGG
GATCCACCGG
GTACAACTGG
GTACAACTGG
GTACAACTGG
GTACAACTGG
GTACTACTGG
GTRCAACAGG
GTACCAC?GG
GTACTACTGG
GTACAACAGG
GTACARCTGG
GTACCACTGG
GCACAACTGG
GTACAACTGG
GTACAACTGG
GTACAAC'TGG
GTACTACAGG
GCACAACTGG
GTACAACTGG
GTACAACTGG
GCACAACTGG
GTACGACTGG
GCACAACTGG
GAACGACTGG
GAACGACTGG
GTACAANCTGG
GTAACACTGG
GTACTACTGG
GAACAACGGG
GCACTACAGG
GAACRACTGG

Moniz de Sa

420
TATCGTTCTA
TATTGTCTTG
TATTGTCTTG
TATCGTGCTC
TATTGTGCTC
TATTGTGTTG
TATGGTGCTT
TATTGTACTT
TATTGTCTTG
TATTGTTTTG
TATTGTGCTG
AATTGTGCTGS
AATTGTGCTG
TATTGTGATG
TATTGTGCTG
TATTGTGTTG
TATTGTGCTG
TAGTGTTTTG
TATTGTGTTG
TATTGTGTTG
TATTGTCATG
TATTGTCATG
GATTGTCATG
TATTGTGTTG
TATTGTGCTG
TATTGTGTTG
TATCGTGCTT
TATTGTGTTG
TATTGTGCTT
TATTGTGTTG
TATTGTGTTG
TATTGTGCTG
TATTGTCCTG
CATTGTGCTT
TATTGTGTTG
TATTGTGTTG
TATCGTTCTA
TATTGTGTTS
TATTGTTCTG
TATTGTGCTT
TATTGTTTTG
TATTGTGTTG
TATCGTTCTA
TATTGTATTG
TATTGTGTTG
TATTGTATTG
TATCGTGCTC
TATCGTGCTC
TATTGTATTG
TATTGTGTTG
TATTGTTCTC
TATTGTGCTC
TATTGTGCTC
TATTGTGATG



V1w
Psac2
Psacl
Schcl
AAcCl
RAc1
RAC3
RAcC?
RAac2
Dcacl
ptds
pres
pr79
pL82
Poacl0l
PoAcSS
PoAcTl
POACTS
PoAcS?
POACS?
ptdz2
pteés
tm32
tmdl
tm52
tm51
tm105
thl03
thitd
theé
th71
tE93
cobl
tbG3
tb54
soyl09
soylis
soyll8
soyll9
soy57
s50y58
soy69
soy7G
soyB6
SAcl
SAc3
mz556
mz63
mz 81
mz 83
mz 87
mz89
mz95
MAacl

GATTCCGGTG
GATTCTGGTG
GAGTCTGGTG
GACTCGGGAG
GACTCTGGAG
GACTCTGGTG
GATTCTGGTG
GACTCTGGTG
GATTCTGGAG
GACTCTGGETG
GATTCTGGAG
GACTCTGGAG
GACTCTGGAG
GATTCTGGTG
GATTCTGGTG
GACTCTGGTG
GATTITGGAG
GATTCCGGAG
GACTCTGGTG
GACTGTGGTG
GACTCTGETG
GGCTCTGGTG
GACTCTGGGG
GACTCTGGTG
GACTCTGGAG
GACTCTGGTG
GATTCTGCGTG
GACTCTGGTG
GATTCTGGTG
GATTCCGGCG
GACTCTGGTG
GACTCTGGTG
GATTCTGGTG
GACTCTGGTG
GACTCTGGTG
GACTCTGGTG
GACTCTGGAG
GATTCTGGTG
GACTCTGGAG
GATTCTGCTG
GACTCTGGTG
GATTCTGGGG
GACTCTGGAG
GACTCTGGTG
GATTCTGGGG
GACTCTGGTG
GACTCTGGTG
GACTCTGGTG
GACTCTGGTG
GACTCTGGTG
GATTCTGGTG
GACTCTGGTG
GATTCTGGTG
GATTCAGGTG

Appendix: con’t

ACGSTGTAAC
ATGGTGTGAG
ATGGETGTGAG
ATGGTGTCAG
ATGGTGTGAG
ATGGTGTCAG
ATGGTGTGAC
ATGGTGTAAG
ATGGTGTCAG
ATGGTGTTAG
ATGGTGTCAG
ATGGTGTCAG
ATGGTSTCAG
ATGGCGTCAG
ATGGTGTCAG
ATGGTSTCAG
ATGGTGTAAG
ATGGTSTTAG
ATGGTGTCAG
ATGGGGTGAG
ATGGTGTTAG
ATGGTGTTAG
ATGGGGTGAG
ATGGTCTCAG
ATGGTGTCAG
ATGGTGTGAC
ATGGTGTGAC
ATGGTGTGAG
ATGGTGTGAG
ACGGTGTCTC
ATGGTGTCAG
ATGGTGTCAG
ATGGTGTTAG
ATGGTGTGAG
ATGGTGTGAG
ATGGTGTGAG
ACGGTGTGAG
ATGGTGTCAG
ATGGTGTCAG
ATGGTGTGAG
ATGGTGTGAG
ATGGTGTCAG
ATGGTGTCAG
ATGGTGTGAG
ATGGTGTCAG
ATGGTGTGAG
ACGGCGTGCA
ACGGCGTGCA
ATGGTGTCAG
ATGGTGTCAG
ATGGTGTGAG
ATGGTGTGAG
ATGGTGTGAC
ATGGTGTGAG

CCACACGGTS
TCATACCGTG
TCATACCGTG
CCACACTGTC
CCACACTGTT
CCACACTGTC
TCACACAGTG
TCACACTGTT
TCACACAGTC
CCACACGGTG
CCACACAGTT
CCACACAGTT
CCACACAGTG
TCACACTGTC
TCATACAGTG

CCACACTCTC

CCACACAGTT
CCACACAGTT
CCACACTGTC

TCACACTGTC

CCACACTGTC
TCACACTGTC
TCACACCGTA
CCACACTGTC
CCACACAGTT
TCACACTGTC
CCACACTGTC
TCACACTGTC
CCACACTGTC
ACATACAGTA
CCACACTGTC
CCACARCAGTT
CCACACTGTC
CCACACTGTC
TCACCACGTC
TCACACTGTA
CCATACCGTC

CCACACTGTC

CCACACTGTG

CCACACGGTG
TCACACTGTG
CCACACAGTC
CCATACTGTC
TCACACTGTA
CCACACAGTG
TCACACTGTA
GCACTGTCCC
GCACTGTCCC
CCACACAGTG
CCACACCGTG
CCATACTGTG
CCACACCGTC
CCACACIGTG
CCACACGGTT

CCCATCTATG
CCAATCTATG
CCAATCTATG
CCCATCTACG
CCTATCTATG
CCCATCTATG
CCAATCTATG
CCAATATACG
CCAATCTACG
CCAATTTATG
CCTATATATG
CCCATCTATG
CCCATCTACG
CCAATCTATG
CCAATTTATG
CCAATTTATG
CCTATATATG
CCTATCTACG
CCAATTTATG
CCTATGTATG
CCAATCTATG
CCAATCTATG
CCAATCTATG
CCAATTTATG
CCCATCTATG
CCTATTTACG
CCTATCTATG
CCTATCTACG
CCCATCTATG
CCAATTTATG
CCAATTTATG
CCCATCTATG
CCAATTTATG
CCTATCTACG
CCTATCTATG
CCAATCTATG
CCCATTTACG
CCTATCTATG
CCCATTTATG
CCCATATATG
CCAATCTATG
CCTATCTATG
CCCATTTACG
CCAATCTATG
CCTATCTATG
CCAATCTATG
CCAATCTACG
CCAATCTACG
CCAATCTATG
CCAATCTACG
CCCATTTATG
CCTATTTACG
CCAATCTACG
CCAATTTATG

141

AAGGCTACGC
AGSGTTATGC
AGGGTTATGC
AAGGGTACGC
AGGGGTATGC
AAGGATATGC
AAGGATATGC
AAGGATTTAC
AAGGTTATGC
AAGGTTATGC
AMGGTTATGC
AAGGTTATGC
AAGGTTATGC
AGGGATATGC
AAGGCTATGC
AGGGATATGC
AAGGTTATGC
AAGGTTATGC
AAGGGTATGC
AGGGTTATCT
AGGGATATGC
AGGGATATGC
AGGGATATGC
ARAGGGTATGC
AAGGTTATGC
AGGGTTATGC
AGGGATATGC
AGGGTTATGC
AGGGATATGC
AAGGTTACGC
AGGGGTATGC
AAGGTTATGC
AGGGATATGC
AGGGATATGC
AAGGTTATGC
AGGGGTATSC
BGGGCTACGC
AGGGTTATGC
AAGGGTATGC
AAGGGTATGC
AGGGCTATGC
AGGGTTATGC
AGGGGTATGC
AGGGGTATSC
AGGGTTATGC
AGGGGGATGC
AAGGGTACAC
AGGGGTACAC
AAGGTTATGC
AAGGTTATGC
AAGGATATGC
ARGGGTACAC
AGGGATACGC
AAGGATACAC

GUMGCCGCAC
ACTCCOTCAT
ACTCCCTCAT
CCTCCCCCAC
ACTTCCACAT
TCTCTCCCAT
ACTTCCTCAT
ACTCGCGCAT
CCTTCCGCAT
ACTTCCACAT
ACTACCTCAT
CCTCCCACKS
CCTCCCACAT
TTTACCACAT
CCTTCCTCAT
CCTCCTACAT
ACTACCTCAT
ACTTCCTCAC
CCTTCCACAT
TTGCCG?CAT
TCTCCCACAT
TCTCCCACAT
TCTACCACAT
CCTTCCACAT
CCTCCCACAC
TTTGCCGCAT
ACTTCCCCAT
TTTGCCTCAT
ACTTCCCCAT
CCTTCCTCAT
CCTCCCACAT
TCTCCCACAC
TTTGCCACAT
ACTTCCCCAT
TTTGCCOCAT
ACTCCCCCAT
TCTCCCTCAT
CCTCCCACAT
CCTCCCTCAT
TCTTCCTCAT
ACTCCCTCAT
CCTCCCACAT
TCTCCCTCAT
ACTCCCCCAT
CCTCCCACAT
ACTCCCCCAT
GCTTCCTCAT
GCTTCCTCAT
CCTTCCTCAT
CCTTCCTCAT
CCTTCCTCAT
GCTTCCTCAT
GCTCCCTCAT
ACTTCCTCAT

Moniz de 84

490
SUCATOCNGS
GCCATCCTTC
GUCATCCTTS
SCCATCCMNGG
GUTATCCTAL
GCTATCCTUC
GCTATICTTC
GCTATTCTTC
GCCATTITCC
GCAATTCTTC
GCCATCCTAC
GCCATCONGC
GCCATCCTGC
GCTATTTTAC
GCARTTCTTC
GCCRAT'TCTTC
GCCATCTTAC
GCGATCCTTC
GCCATTCTCS
GCCATTCTTC
GCTATCCTTC
GCTATCCTTC
GCTATCCTTC
GCCATTCTCC
GCCATCCCGC
GCCATTCTTC
GCTATCTTGC
GCTATICTTC
GCCATCTIGT
GCAATTCTTS
GCCATTCTCC
GCAATCCTGC
GCTATCCTCC
GCTATCM G
GCCATTCTTC
GCCATCCTTC
GCCATCCTCC
GCCATCCTTC
GCCATCCTCC
GUAATTCTTC
GCCATTCLCC
GCAATCOTTS
GCCATCCTOC
GCCATCOTIC
GCAATCCTTC
GCCATCCT'TC
GCTATTATTC
GCTATTATTC
GCCATCCTGR
GCCATCCTGC
GCTATTCTAC
GCTATTCMTC
GCCATTCTTA
GCTATTCTCC



PoAC1Nl
POACSE
Pope?l
FoACTS
POACS?
PoACYS
ptd2
prés
tm32
tmdl
tmb52
tmhl
tml05
thl032
thl04
théh
th71
th9l
tobl
Lh53
tb54
soy109
soylls
soyll18
soyll9
soy57
soys8
s0y69
soyTo
soy86
SAacl
SAc3
mz56
mz63
mz81
mzB83
mzR7
mz 89
mz 95
MAacl

GTCTGOMCT
GPTIGGRTCT
STTIGGATCT
GTOCTCGRCCT
GTCPTPGATCT
GTCTCGACCT
GGTIGGATST
GARCTCGATCT
GTCTTGATCG
GGTITGGACCT
GTCTCGACCT
GTCTTGATCT
GTCTTGATCT
GTCTTGATTT
GATTGGACCT
GTCTCGACTT
G'PCTCGACCT
GTCTTGATCT
GTCTTGACTT
GTTTGGATCT
GTCTCGATTT
GTCTCGATTT
GTCTCGATTT
GTCTTGACTT
GTCTCGATCT
GTTTGGATCT
GGTTAGATCT
GTTTGGATCT
GGTTAGATCT
GGTTGGATCT
GTCTTGACTT
GTCTTGATCT
GTCTTGATTT
GGTTAGATCT
GTTTGGATCT
GTTTGGATCT
GTCTTGACTT
GTCTTGATCT
GTCTTGACTT
GOTTEGACCT
GTTTGGATCT
GTCTTGATTT
GTCTTGRCTT
GT'T'IGGATCT
GTCTTGATTT
GTTTGGATCT
GATTGGACCT
GATTGGACCT
GCCTTGACCT
GTCTTGACCT
GTCTGGATCT
GATTGGACCT
GGCTGGATCT
GTTTGGATCT

Appendix: con’t

COCTGECCS
TGCTGSTCOT
TGCTGGECET
TGCTSSTCST
TGCTGGGCGT
TGCTGGTAGS
TGCTCGCCST
TGCTGGTGCT
TGCAGGGCGT
TGCACGGCGT
GGCTGATCGT
AGCTGGGCST

GRCASGTCST
TGCTGGTCGT

TGCTGGTCGT
GGCGGGTCGT

TTCTGSCCGT

AGCAGGACGT
AGCAGGACGT
AGCTGCACGG
GGCAGGACGT
TGCAGGGCGT
TGCTGSTCGT
TGCTGGTCAGT
TGCTGGCCGT
TGCCGGTCGT
TGCTGGTCGT
GGRCAGSTOGT
GGCAGGGCGT
AGCTGGTCGT
TGCTGETCGT
TGCTGETCGC
CGCAGGTCGT

AGCAGGACGT

GGCTEGTCGT
AGCAGGGECGT

TGCTGGCCGT
TGCTGGCCGC

GGCTGGCCGT
AGCAGGACGT
CGCTGGTCGT
GGCTGGTCGT
COCTGGTCGT
TGCCGGTCGT
TGCCGGTCGT
TGCTGGGCGT
TGCTGGGCET
TGCTGGTCGG
TGCTGGTCGT
TGCTGGTCGT
TGCGGOGCST

GACCTGACGG
GRTCTARCTG
SARTCTREARCTS
GRCICTTACCG
GACCTCACGS
GATCTCRCTG
GATCTGACTG
GACCTTACCSG
GATCTGACTG
GATCTTACAG
GACCTTACTG
GATCTCACAG
GATCTCACAG
GACCTTACTG
GATCTTACTG
GACCTCACTG
GRCCTTACTG
GACCTCACAG
GACCTCACTG
GATCCAACTG
GACCTAACTG
GACCTAACTG
GACCTGACGG
SACCTCACTG
GATCTCACAG
GATTTAACTG
GATCTTACAG
GACCTAACTG
GGTCTTACTG
GATCTTACTG
CGACCTCACTG
GATCTCACAG
GACTTGACTG
GATCTTACAG
GACCTTACTG
GATCTAACTG
GATCTCACTG
GACGTCACAG
GACCTCACTG
GATTTAACAG
GATCTGACTG
GACCTCACAG
GATCTCACTG
GATCTAACTG
GACCTCACAG
GATCTARCTG
GACCTCACCG
GACCTCACCG
GACCTGACTG
GACCTGACTG
GACCTCACCG
GACCTTACCG
GATCTGACTG
GACCTCACCG

ACTARCCTGAT
ARTCTTTGAT
AATCTTTGAT
ACTACCTCAT
ATGCGCTGAT
ATTACCTCAT
ACTGCCTAAT
ACAACCTTAT
ATTCCCTCAT
ATGGCTTGAT
AGTACATSGT
ATCACCTCAT
ATCACCTCAT
ATCACTTARAT
ATTGTCTGAT
ATCATTTGAT
AGTACATGGT
AGCATTTGGC
ATAGTTTGAT
ATAACCTGAT
ATCACCTAAT
ATCACCTAAT
ATCACCTGAT
ATAGTTTGAT
ATCACCTCAT
ATAACCTGAT
ATTACCTCAT
ATAACCTGAT
ATTATCTCAT
ATTGTTTGAT
ATAGTTTGAT
ATCACCTCAT
ATCATCTAAT
ATTATCTCAT
ATAGCCTGAT
ATCATTTGAT
ATGCCTTGAT
ATTTCTTGAT
ATGCCCTGAT
AGTACTTGET
ACTCTTTGAT
ATTTCTTGAT
ATGCCTTGAT
ATCATTTGAT
ATTTCTTGAT
ATCATTTGAT
ACAACCTGAT
ACAACCTGAT
ACAGCCTGAT
ACAGCCTGAT
ACTCGCTCAC
ACAACCTGAT
ACTGCCTAAT
ACCACCTAAT
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GAAGATTCTA
GARAGATCCTC
GAAGATCCTC
GARGATCCTG
GAAGATCCTA
GRAGATCCTG
GAAGATCCTT
GAAGATTCTC
GAAGATCCTG
GAAGATTCTT
GAAGATTCTT
GAAGATCCTC
GAAGATCCTC
GAARATCTTG
GAAMATCCTG
GAAGATCCTC
GAAGATTCTT
AAAGATCCTC
GAAGATCCTC
GAAGATTCTC
GAAGATCTTG
GAAGATCTTG
GAAGATCTTG
GAAGATCCTG
GAAGATCCTC
GAAGATCCTC
GATGATTCTC
GAAGATCCTC
GARGATTCTC
GAAAATCTTG
GAAGATCCTT
GAAGATTCTC
GABMAATCTTA
GAAGATTCTC
GAAGATCCTC
GAAGATCCTC
GAAARATCCTT
GAAARTCTTG
GAAARATCCTT
GARAATCCTT
GAAGRTCCTC
GAAGATTTTG
GAAARRTCCTT
GAAGATCCTC
GARGATTCTG
GARGATCCTC
GAAGATCCTC
GAAGATCCTC
GAAGATCCTC
GAAGATCCTC
GAABATTCTC
GAARGATCCTT
GAAGATCCTC
GAAGATCCTC

ATGGAGCGTG
ACTGAGRAGAG
BCTGAGAGAG
ACTGAGCGCG
ACCGAGCGTG
ACGGAGCGTG
ACAGAAAGAG
ACAGAGAGGG
ACTGAGAGGS
ACAGAAAAGA
ACTGAARCGCG
ACAGAACGAG
ACAGARCGAG
ACGGAGLCGTG
ACCGAAAGAG
ACTGAGCGTG
ACTGAACGCG
ACAGAGCGTG
ACCGAGCGTG
ACTGAGAGAG
ACAGARGCGCG
ACAGAGCGCG
ACAGAGCGTG
ACCGRGCGTG
RCAGAACGAG
ACCGAGAGARG
ACAGAGAGAG
ACTGAGAGAG
ACTGAGAGAG
ACGGAAAGAG
ACCGAGCGTG
ACAGAAAGAG
ACAGAGCGAG
ACAGAGAGAG
ACTGAGAGAG
ACTGAGAGAG
ACAGAACGTG
ACTGAACGTG
ACTGAGCGTG
ACCGAGAGAG
ACCGAGAGAG
ACTGAACGTG
ACAGAACGTG
ACTGAGAGAG
ACTCARACGTG
ACTGAGAGAG
ACCGAGAGGG
ACCGAGAGGG
ACTGAGAGAG
ACCGAGAGAG
MCTGAGAGGG
ACTGAGAGGG
ACGGAAAGGG
ACAGAGAGAG

Moniz de 54

560
GTTACTCATT
GGTATATGTT
GGTATATGTT
GCTACTCCTT
GTTACTCTTT
GTTACTCATT
GTTATTCCITT
GTTACTCCTT
GTTACTCAGT
GTATATGTCA
GATACTCCTT
GCTACTCTTT
GCTACTCTTT
GTTACTCATT
GTTATTCATT
GTTACTCATT
GATACTCTTT
GATACTCATT
GTTACTCGTT
GTTACATGTT
GTTACTCATT
GTTACTCATT
GGTACTCGTT
GTTACTCGTT
GCTACTCTTT
GTTACATGTT
GTTATTCATT
GTTACATGTT
GCTATATGTT
GTTATTCATT
GTTACATGTT
GCTACTCTTT
GCTACTCGTT
GTTATTCATT
GATACATGTT
GGTACATGTT
GTTATTCCTT
GTTATTCCTT
GCTATTCCTT
GATACTCCTT
GTTACATGTT
GATATTITTT
GTTATTCCTT
GATACATGTT
GATATTCTTT
GATACATGTT
GTTACTCCTT
GTTACTCCTT
GTTACTCCTT
GTTACTCCTT
GCTATTCCTT
GTTACTCCTT
GCTATTCCTT
GGTACTCCCT




vivx
PsAc?2
PsAcl
ScAcl
AAcl
RAcC1
RAC3I
RACT
RACZ
DcAcl
prié
pLes
pE79
pt82
PoAclOl
PoAcSS
PoAc71
PoAcCTS
PoOACH7
PoAcS9
pLd2
pcés
tm32
tmdl
tmS2
tm51
tm105
th103
thl0d
tb6é
tb71
tb93
tobl
th53
tbh54
s0y109
soyllb
soy1l8
sov11ig
soy57
s0y58
s0y69
soy70
soyB6
Sacl
SAc3
mz56
mz63
mzB1
mz83
mz87
mz 89
mz a5
MAacl

CACGACCACT
CACCACCTCG
CACCACCTCG
CACCACCACT
CACCACCACA
CACCACAACG
TACAAZAACT
CACCACAACT
CACCACTCCT
CTACACCACT
CACTACTACT
CACCACCACA
CACCACCACA
TACCACTACA
CACCACTAGT
CACCACCACA
CACTACTACT
CACCACCAGT
CACCACCTCA
CACCACCACT
CACCACCACT
CACCACCACT
CACAACAAGT
CACCACCTCA
CACCACCACA
CACCACCACT
CACCACTGCT
CACCACCACT
TACCACATCT
CACCACTAGT
CACCACCTCA
CACCACCACG
CACCACTACT
TACCACTGCT
CACCACCACT
CACCACCTCT
CACTACCACA
CACCACCTCA
CACTACCACA
CAGCACCTCT
CARCCACCTCT
TACCACCTCA
CACTACCACA
CACCACCTCT
TACCACCTCA
CACCACCTCT
CACCACGACC
CACCACGACC
CACCACCTCT
CACCACCACG
CACAACCTCC
CACTACGARCT
CACCACGACG
CACTACGAGC

Appendix: con’t

GCTSAGCGTS
GCTGAGCGSGE
GQCTGAGCGGEG
GCTGAGCGEG
GCAGAGCGTG
SCCGAGCGESE
GCAGAGCGGG
GCTGAGCGGG
GCCGAGLGGG
GCCGAGCGGG
GCTGAGAAGG
GCCGAGCGGEE
GCCGAGCGGG
GCAGAAMAGGG
GCTGAACGGG
GCTGAGCGAG
GCTGAGAAGG
GCTGAGRAGG
GCTGAGAGAG
GCTGAGCGET
GCTGAACGAG
GCTGAACGAG
GCTSAGAGAG
GCTGAGCGAG
GCCGAGCGGG
GCTGAACGGG
GCTGAACGGG
GCAGARCGGG
GCTGAACGGG
GCTGAACGGG
GCCGAGCGTG
GCCGAGCGGG
GCTGRACGAG
GCTGAACGTG
GCTGAARCGGG
GCTGAGCGAG
GCTGAGCGTG
GCCGAGCGTG
GCCGAGAGAG
GCCGARARGG
GCTGAGCGGG
GCAGAGCGTG
GCTGAGCGTG
GCTGAGCGAG
GCACAGCGTG
GCTGAGCGAG
GCCGAGCGAG
GCCGAGCGAG
GCTGAACGCG
GCCGARACGGG
GCCGRGCGAG
GCCGAGCGAG
GCAGAACGGG
GCTGAGCGGG

AAATCGTGCG
ABATTGTCCG
ARATTGTCCG
AAATTGTCAG
AAATTGTCAG
AAATTGTGAG
AMAAGTGTGAG
AAATTGTTAG
AAATTGCCGC
AMATTGTTCG
AAATTGTAAG
BAATTGTTAG
LAATCGTTAG
ARATTGTGAG
AAATTGTCCG

ARATCGTCAG
AAATTGTAAG
AAATTGTGAG

ARATTGTCAG
AAATTGTCTG
AAATCGTGAG
AAATCGTCAG
AARATCGTGEGG
AAATTGTCAG
AARTTGI'TAG
AAATTGTCCG
AGATTGTTCG
AARTTGTCCG
AAATTGTTCG
AAATTGTCCG
ARMATTGTCAG
RAATTGTTAG
BAAATCGTGAG
AGATTGTTCG
AAATTGTCCG
BAAATTGTCCG
AAATTGTAAG
AMATTGTAAG
ARATTGTAAG
AAATTGTCCG
AAATTGTTCG
RAATTGTGAG
AMATTPGTARG
AAATTGTCCG
GAATTGTGAG
AAATTGTCCG
AGATAGTCAG
AGATAGTCAG
AAATTGTAAG
AAATCGTACG
AARATTGTARG
AAATTGTCAG
AAATCGTGAG
AGATTGTCAG

CGACATCAAG
TGACATAAAR
TGACATAAAA
GGACATGAAG
AGACATAAAG
GGACATGAAG
AGACATAAAA
AGACATAAMG
TSACATCAAG
TGATATGAAG
GGATATGAAG
GGATGTGAAG
GGATGTGAAG
GGATGTTAAG
CGATATGARA
GGATGTGAAA
GGATGTGAAG
AGACATGAMG
GGACGTGAAA
TGACATGAAG
GGATGTTAAG
GGATGTTAAG
RA?TGTGAAG
GGACGTGAAA
GGATGTGAAG
CGACATGAAG
TGATGTGAAG
TGACATGAAG
TGATGTGAAG
CGATGTTAAR
GGACGTGARG
GGATGTGAAG
GGATGTGARG
TGATTTGARG
TGATATGAAR
TGACATGATG
GGACCTAARG
GGATGTGAAA
GGACATGAMG
TCATGTGAAG
TGACATGAAG
GGATATGAAG
GGATGTAARG
TGACATGAAG
GGATATGARG
TGACATSAAG
GGACATCRAG
GGACATCAAG
AGACATCARG
GGAZATCAAG
GGACATCAAG
GGACATCAAG
GGACATARRG
GGACATAAAG
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GAGAAGCTCT
GAGAAGCTTG
GAGARGCTTG
GAGAAGCTCG
GAGAAGCTTT
GAGAAGCTTT
GAGAAGCTTG
GAGAAGCTCG
SAANAGCTTS
GAAAAACTTG
GAGARATTGG
GAGAAGTTGT
GAGAAGTTGT
GAAARACTCT
GAGAMACTAG
GAAAAACTCT
GAGARATTGG
GAGAACGCTGG
GAMARGCTTCG
GTAAAACTTG
GARAAGCTTT
GAAAMAGCTCT
GAAAAGCTAT
GAARAGCTCG
GAGAAGTTGT
GAAAAGCTTG
GAGAAGCTTG
GAGGAGCTTG
GAGAAGCTTG
GAGRAACTGG
GAARRGCTCG
GAGAAGTTGG
GAAAAACTCT
GAGAAGCTTG
GAAAAGCTTG
GAAAAACTTG
GAAAAGCTGG
GAARAGCTTT
GAARAGCTGG
GAGAAATTGA
GAGAAGCTTG
GAAAAGCTGG
GAAMAGCTGG
GAAABACTTG
GAAAAGCTGG
GAAAANCTTG
GAAAAACTTG
GAAARACTTG
GAAAACCTTG
GAAAAGCTTG
GAGAAGCTTG
GAAADMACTTG
GAGRAGCTGG
GAGAAGCTTG

GCTATGTGGC
CCTACGTTGC
CCTACGTTGC
CCTACATTGS
GCTACATTGS
CCTACATCOGC
CATATATTSC
CCTATGTTGC
CATACITCCG
CTTATGTTSC
CATACCTTGC
CTTACATTGC
CTTACATCGC
CATACATTGC
CATATGTTGC
CTTACATAGC
CATACCTTGC
CATACATTGC
CTTACATAGC
CCTATGTGGC
CCTACATTGC
CCTACATTGC
CTTACATAGC
CTTACATAGC
CTTACATTGC
CCTATGIGGEC
CATATGTCGC
CTTACGTGGC
CCTATGTTGC
CATATGTT3C
CTTACATAGC
CTTACATTGC
CCTACATTGC
CATATGTTTC
CCTATCTGGC
CATATGTTGC
CTTATATTGC
CTTACATTGC
CATATCT'TGC
CATACGTGGC
CTTATGTTGC
CTTACATAGC
CTTATATTGC
CATATGTTGC
CTTACATAGC
CATATGTTGC
CCTACATTGC
CCTACATTGC
CATATGTGGC
CATACGTGGC
CGTATATAGC
CCTACGTTGC
CCTTTGTCGL
CCTACGTTGC

Moniz de Si

630
GCTGGATTTC
TCTSSATTAT
TCTGSATUAT
CCTGGACTAL
TCTPSACTAC
CCTGGACTAT
TCTTSATTAT
TCTTGATTAT
TCTTCACTALC
TCTTGATTAT
TITTGATTTS
TCTPGACTAT
TCTTGACTAT
TCTTGATTAT
ACTTGACTAT
CTTAGACTTT
TCTTGATTTT
TCTAGACTTT
TCTTGACTAT
TCTTGACTAT
TCTTCGACTAT
TCCTGACTAT
TCTCGAC?AA
TCTTGACTAT
TCTTGACTAT
TCTIGACTAT
ACTGGATTAT
TCTTGACTAC
ATTGGATTTT
ACTITGACTAT
TCTTCACTAT
TCTTGACTAT
TCTTGACTTT
TCTSGTTITT
TCTTGACTAL
CCTAGATTAT
CCTTGATTNT
CCTTGACTA
CCTTGATTAT
CCTTGATTIC
CTTGGATTAT
CCTCGACTAT
CCTTGATTAC
CCTAGATTAT
CCTCGACTOT
CCTAGA'TTAT
TCT'IGATTAC
TCTTGATTAC
TCTTGAATAC
TCTTGACTAT
TCTTGACTAC
CCT'I'SATTAT
CCTAGACTAT
CCTTSATTAT



1w
PAnd
Pohel
SoAcl
RA1
RAacl
RAC
RAcCT
RAC2
Dehcld
prae
pree
79
praz
Pohcl01
FoAcSE
rohcl
PoAC?S
PoAc9?
POACYY
pr42
ptés
tm32
tmdl
tm52
tmb51
tmlos
thl103
thic4
thes
tb71
tb%3
tobl
Lh53
th54
50y109
s0y115
soyl18
soylls
soy57
soySe
soy6e9
say70
aoyBé
pSAcl
pPSAcl
mz56
mz&3
mz81
mz83
mzB7
mz89
mz %5
MAcCl

GAGCAGGARA
GARCRRGRGE
GRACRAGRGE
GACCAGGRGA
GAGCRGGARD
GARCCRAGGARE
GAGCAGGRGC
GAACRGGAGC
GAGCAGGAGC
GAGCRAGAGT
GAGCAGGAAC
GAACRAGAAA
GAACARGARA
GAGCAAGART
GAGCARGAAT
GAACAAGAAC
GAGCAGGAAC
GAGCAGGAGT
GAACAGGAAC
GAGCAGGAGA
GAACAAGAGA
GAACAAGAGA
GAACAAGAGA
GARACAGGAARC
GAACAGGARA
GAGCAGGAGA
GAACAGGAGC
GAGCAGGAGC
GAACAGGAGC
GAGCAAGAGT
GAACAGGAAC
GAACAAGAARC
GAGCAGGAAA
GAGCAGGAGC
GAGCAGGAARC
GAGCAAGAAC
GARGCARGAGC
GAGCAAGAAC
GAGCAAGAAC
GAACAAGAAA
GAGCARGAAC
GAGCAAGAGC
GAGCAAGAGC
GAGCAAGARAC
GAGCAAGAGC
GAGCAAGAARC
GAGCAGGAGC
GAGCAGGAGC
GACCAGGAGC
GATCAGGAGC
GAGCAAGAGT
GAACAGGAGC
GAGCAGGAGT
GAACAGGAGC

Appendix: con’t

TGGCARCAGC
TTGAARCTGC
TTGARRCTGC
TGGAGARCTGC
TCGAGACAGC
TGGASRCTGC
TGAGAGTCGC
TTGATACTGC
TTGAGACTGC
TGGAGACTGC
TGGAGACAAC
TTGAARCAGT
TTGAARRCAGC
TGGATACGTC
TGGAGACCGC
TCGAGACTTC
TTGAGACARC
TGGATATGGT
TTGAGACTTC
TG2AAACTGC
TGATAGACAG
TCATAGACAC
TTSARACCTC
TCGAGACCTC
TTGAARCAGC
TTGAAACTGC
TTGAGACTAC
TTGACACTGC
TTGAGACAGC
TGGAGACTGC
TCGAGACTGC
TTGAAACAGC
TGGAAACGTC
TTGAGACTTC
TTGAAACTGC
TCGAGACTGC
TTGAARCATC
TGGAGACAGC
TTGAMACTTC
TGGAGACTAC
TCGAGACTGC
TAGAGACATC
TTGAAACATC
TCGAGACTGC
TGGAGACATC
TCGAGACTGC
TGGAGACGGC
TGGAGACGGC
TCCAGAATGC
TGGAGAACGC
TGGAGACTGC
TGGAGACTGC
TGGAGACCGC
TGGAGACTGC

AGCCTCCAGC
RBRGRGCAGT
ABRGRGCAGT
CARAGRCCRGC
CARRRCCAGC
CAAGACCAGC
CARGAGCAGC
CAGGAGTAGC
LARGAGCASC
CARAGAGACGC
CACGACAGGC
TAAGACCAGC
AAAGRCCAGC
AAAGACTAGT
AAAGAGTAGC

ARAGRACCAGC
CAAGACAGGG
TAAGTCAAGC
AAAGACCAGC
CAGGAGCAGC

CACTTCCTCC
AAAARCTAGC
ARAGACCAGC
AAAGACCAGC
CAGGAGCAGC
AAAGA].CGGT
CAAGAGCAGC
AAAGAGTAGC
AAAGAGTAGC
AAAGACCAGC
ARAAGACCAGC
GAAAARCTAGC
AARGAATAGC
CAGGAGCAGT
ABAAAGCAGT
AAAAACCAGC
CAGGACCAGC
AAAMACTAGT
TAAGAGTAGT
ARAGAGCAGT
CAAGACCAGC
AAAMACTAGC
AARRAGCAGT
CGAGACCAGC
ABAMAGCAGT
CAGGACCAGC
CAGGACCAGC
CAAGAGCAGC
CAAGAGCAGC
CAAGAACAGC
CAGGACCAGC
TAAGAGAAGC
CAAGAGCAGC

TCG---GCGC
TCC---TCTA
TCC---TCTA
TCT---TCCG
TCA- --TCTG
TCC---TCCG
TCC---TCTG
TCC---TCTA
TCA---TCAG
TCT---GCTG
TCT---GCTG
TCA--~TCTG
TCA---TCTG
TCT---TCTG
TCT---GCTG
TCT~--TCTG
TCT---GCTG
AGC---TCTG
TCT---TCTG
TCC---TCCA
—————— ACTG
TCAAARACTG
TCA---ARCG
TCT-~--TCTG
TCA=---TCTG
TCC---TCCA
AAG-~-GATG
TCC---TCCG
TCA---TCAG
TCT---TCTG
TCT---TCTG
TCA---TCCA
TCT---TCTG
AAG---CGATG
TCC---TCCA
TCA---TCAG
TCT---GCGT
TCG---TCTG
TCT---GCTG
TCT---GCAG
TCT---TCAG
TCT---TCAG
TCT-=~~-GCTG
TCA~--TCAG
TCT---TCAG
TCA~--TCAG
TCC---ACCG
TCC~~-ACCG
TCA--~TCTG
TCA---TCTG
TCC---TCAG
TCT---AGTG
TCC---TCCG
TCC---TCTG

144

TTGAGRAGAC
TTCRGAAAAA
TTGAGAAAAA
TGGAGARAGAG
TTGAGARGAR
TGGAGAAGAG
TTGAGAAGAG
TTGAGARGAG
TTGAGAAGAG
TCGAGAAAAR
TTGAGAAGAA
TTGAGARGAG
TTGAGRAGAG
TTGAGAAGAG
TTGAAAAALG
TTGAGAAGAG
TTGAGAAGAA
TTGAGAAARR
TTGAGAAGAG
TCAAARAGAR
TTGAGAAGAC
TTGAGAAGAC
TGGAGAAGAG
TTGAGAAGAG
TTGAGAAGAG
TTGAAAAGAA
CTGAGAAGAG
TTGAGARGAR
TTGAGAAGAG
TTGAAAAMAG
TAGAGRAGAA
TGGAGAAGAG
TTGAGAAGAG
TCGAGAAGAG
TTGAMARGAR
TTGAGARAAG
TTGAGARAGAG
TGGAGAAGAG
TTGAGAAGAG
TGGAAARGAG
TTGAGAAAAA
TGGAGAAGAG
TTGAGAAGAG
TTGAGAARAG
TGGAGAAGAG
TTGAGAAAAG
TCGAGAAGAG
TCGAGAAGAG
TGGAGAAGAG
TGGAGAAGAG
TTGAAAAGAG
TTGAGAAGAG
TCGAGAAGAG
TCGAGARGAG

GTACGAGCTG
CTATGAGCTT
CTATGAGCTT
CTACGAGCTT
CTACGAGCTA
CTACGAGCTT
CTATGAGGTT
CTATGAGCTT
CTATGAGCTG
CTATGRACTG
CTATGAACTG
CTATGAGCTT
CTATGRGCTT
TTATGAGTTG
CTATGAGTTA
CTATGAGCTT
CTATGAACTG
CTTTGAGCTT
CTATGAGCTC
CTATGAATTG
CTACGAGTTG
CTATGAGTTG
CTACGAGTTG
CTATGAGCTC
CTATGAGCTT
CTATGAARTTA
TTACGAACTT
CTATGAACTG
CTATGAGCTT
CTATGAGTTA
CTATGAGCTC
CTACGAGCTG
CTACGAATTG
CTATGAGCTT
CTATGAATTG
CTATGAGCTT
CTATGAGTTG
CTATGAGTTG
CTATGAGCTT
CTATGAATTG
CTACGAGCTT
CTATGAGTTG
CTATGAGTTG
CTATGAGCTT
CTATGAGTTG
CCATGAGCTT
CTACGAGCTG
CTACGAGCTG
CTACGAGCTG
CTACGAGCTG
CTATGAGCTA
CTACGAGCTG
CTACGAGCTG
CTACGAGATG

Moniz de Sa

700
CCTGATGGCC
CCTGATGGAC
CCTGATGGAC
CCTGATGGAC
CCTGATGGGC
CCTGATGGAC
GCAGATGGAC
CTGGACGGCC
CCCGATGGAC
CCTGATGGGC
CCTGATGGAC
CCTGATGGAC
CCTGATGGAC
CCTGATGGTC
CCAGATGGTC
CCCGATGGTC
CCTGATGGAC
CCAGATGGCC
CCAGATGGGC
CCTGATGGAC
CCTGATGGTC
CCTGATGGTC
CCTGATGGTC
CCAGATGGGC
CCTGATGGAC
CCTGATGGAC
CCAGATGGGC
CCAGATGGAC
CCTGATGGAC
CCAGATGGGC
CCAGATGGGC
CCTGATGGAC
CCCGATGGTC
CCAGATGGGC
CCAGATGGAC
CCTGATGGAC
CCGGATGGAC
CCTGATHGGC
CCTGATGGAC
CCTGATGGAC
CCTGATGGGC
CCTGATGGGC
CCGGATGGAC
CCTGATGGAC
CCTGATGGGC
CCTGATGGAC
CCCGATGGCC
CCCGATGGCC
CCTGATGGTC
CCTGATGGCC
CCTGATGGCC
CCCGATGGCC
CCCGATGCGC
CCTGATGGTC



v1ivx
PsAC2
Pshcl
SoAcl
Adcl
RAcl
RAC3
RACT
RAc2
DcAcl
ptds
pL66
pt79
pr82
PoAclOl
PoAcSS
Poac71
PoACT5
Poac8?
POACO9
ptd2
pL65
tm32
tmdl
tm52
tmb51
tml05
thl03
thiod
thb66
tb71
tb93
tebl
th53
Lb54
soyl09
soyll5s
soy1llg
soyll9
soy57
soyb8
soy6%
soy70
soyBé
SAcl
SAac3
mz5S6
mz63
mz8}!
mz83
mz87
mz89
mz 95
MAcl

AGCCAATCAC
AAGTTATCAC
ABGTTATCAC
AGGTCATCAC
AAGTGATCAC
AGGTTATCAC
AAGTCATCAC
AGGTCATCAC
AGGTGATCAC
AMGTTATCAC
AAGTGATTAC
AGGTTATCAC
AGGTTATACC
AGGTTATTAC
AGGTGATTAC
AAGTCATTAC
BAGTGATTAC
AAGTGATTAC
AGGTGATCAC
AAGATATTAT
AAGTTATCAC
ARGTCATCAC
AAGTGATTAC
AGGTGATACC
AGGTTATCAC
AAGTTATTAC
AMATAGTCAC
AAGTTATTAC
AAGTCATCAC
AGGTCATTAC
AGGTGATCAC
AGGTTATCAC
AAGTGATTAC
AAATAATCAC
AGGTTATTAC
AGGTTATCAC
AGGTCATCAC
AGGTCATCAC
AGGTCATCAC
AGGTCATTAC
AAGTTATCAC
AGGTTATCAC
AGGTCATCAC
AAGTTATCAC
AGGTTATCAC
AAGTTATCAC
AGGTTATCAC
AGGTTATCAC
AGGTGATCAC
AGGTGATCAC
ARGAATACAC
AGGTTATCAC
AGGTCATCAC
AGGTCATCAC

Appendix: con’t

BATTGGCAAC
AATCGGAGCT
AATCGGAGCT
CATTGCGGCG
CATTGGATCA
CATTGGTGCT
AATTGGCGCG
CATCGGAGCA
CATTGGCGCG
CATTGGASCT
TATTGGTGCT
CATTGGTGCT
CATTGGTGCT
AATTGGTGCT
CATTGGAGCA
CATCGGTGCT
TATTGGTGLCT
CATTGGAGCT
CATTGGTGCT
CATTGGTGCT
TATTGGTGCT
TATTGGTGCT
GATTGGTGCT
CATTGGGTCT
CATTGGGTCT
CATTGGTCCT
TATTGGTGCT
CATTGGTGCC
AATCGGTGCT
CATTGGCTCA
CATTGGAGCT
CATTGGTGCT
CATCGGTGCT
AATTGGCGCG
TATTGGTGCT
AATTGGGGCA
CATTGGGTCT
CATTGGCGAT
CATTGGTGCT
AATAGGTTCT
CATAGGAGCT
TATTGGCGCT
CATTGGTGCT
AATTGGGGCA
TATTGGCGCT
AATTGGGGCA
RATCGGCGCA
AATCGGCGCA
CATTGGGGCA
CATTGGGGCS
CATCGGTGCA
AATCGGTGCA
GATCGGCGCG
CATTGGGTCA

GAGCSCTTCC
GAGAGGTTCC
GAGAGGTTCC
GACCGATTCC
GAGCGATTCC
GAGCGTTTCC
AGAGAGGTTC
GARAGGTTCA
GAGCGCTTCA
GAGAGSTTCC
GAGCGTTTTC
GAGCGATTCC
GAGCGATTCC
GAGCGTTTCC
GAGAGGTTCA
GAACGATTCC
GAGCGTTTTC
GARCGTITCC
GAGCGTTTCC
GRAGAGGTTCC
GAACGTTTCC
GAACGTTTCC
GARACGTTTCA
GAGCGTTTCS
GAGCGATTCC
GAGAGGTTCG
GAGAGGTTCC
GAGAGGTTCC
GAGAGGTTCC
GAGAGGTTCA
GAGCGTTTCC
GAGAGATTCC
GAACGTTTCC
GAGAGGTTCC
GAAAGGTTCC
GAGAGATTCC
GAGCGTTTCA
GAGCGTTTCA
GAGCGTTTCC
GAGAGATTCC
GAGAGATTCC
GAGCGTTTCA
GAGCGTTTCA
GAGAGATTCC
GAGCGTTTCG
GAGAGATTCC
GAAARGGTTTA
GAARGGTTTA
GAGAGGTTCA
GAGAGGTTCC
GAGAGATTCA
GAMAGGTTTA
GAGAGGTTCA
GAAMGGTTCA

GTTGCCCTGA
GTTGCCCAGA
GTTGCCCAGA
GCTGCCCTGA
GTTGTCCTGA
GCTGCCCTGA
AGTGCCCAGA
GGTGCCCGGA
GATGCCCAGA
GCTGTCCACA
GATGTCCTGA
GTTSTCCAGA
GTTGTCCAGA
GTTGCCCAGA
GATGCCCGGA
GTTGCCCTGA
GATGTCCTGA
GTTGCCCAGA
GGTGTCCTGA
GTTGCCCAGA
GATGCCCTGA
GATGCCCTGA
GATGCCCTGA
GGTGTCCTGA
GCTGTCCAGA
GTTSCCCAGA
GTTGCCCTGA
GGTGCCCAGA
GTTGCCCTGA
GATGTCCGGA
GTTGTCCTGA
GCTGCCCAGA
GATGCCCTGA
GCTGTCCTGA
GTTGCCCGGA
GTTGCCCAGA
GATGTCCTGA
GACGTCCAGA
GTTGTCCTGA
GTTGCCCAGA
GTTGCCCTGA
GGTGTCCGGA
GATGTCCTGA
GTTGCCCAGA
GATGTCCGGG
GTTGCCCAAA
GGTGCCCTGA
GGTGCCCTGA
GATGCCCTGA
GATGCCCCGA
GGTGCCCCGA
GGTGCCCTGA
GATGCCCAGA
GGTGCCCCGA
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GGTGCTGTAC
AGTCCTTTTC
AGTCCTTTTC
GOTCCTCTTC
GGTTCTTTAC
GGTCCTCTTC
ACTG~~-TTC
GGTGCTCTTC
GETCATGTTC
A [ZOTCTTC
AGTTCTTTAT
AGTGCTGTTC
AGTGCTGTTC
AGTACTATTC
AGTCTTATTC
GGTCCTATTC
AGTTCTTTAT
AGTGCTGTTC
GGTCCTTTTC
GOETCCTCTTC
AGTGCTTTTC
AGTGCTTTTC
AGTGCTGTTC
GGTCCTTTTC
ACTGCTGTTC
GETCCTCTTC
AGTCCTATTC
AGTCCTCTTC
GGTTCTCTTC
AGTTTTATTC
GGTCCTTTTC
AGTTCTGTTC
AGTCCTTTTC
GGTCCTCTTC
AGTTCTCTTC
AGTTCTTTTC
AGTTCTCTTC
GGTTCTGTTC
AGTCCTCTTC
AGTACTGTTC
AGTTCTTTTC
GGTCTTGTAC
AGTTCTCTTC
AGTTCTTTTC
GCTCTTGTAC
AATTCTTTTC
GGTGCTATTC
GGTGCTATTC
GGTCCTCTTC
GGTCCTCTTC
GGTCCTCTTC
GGTTCTATTC
GGTGCTTTTC
GGTGTTGTTC

AACCOTAGCT
CAGCCATCTA
CAGCCATCTA
CAGCCATCCT
CAGCCATCTA
CAGCCTTCIT
CAGCCCTCGC
CAGCCATCTT
CAGCCTTCTC
CAGCCATCTA
CAACCTTCTT
CAACCATCAA
CAACCATCAA
CAGCCTTCAA
CAGCCATCAC
CAACCTTCAC
CAACCTTCTT
CAGCCTTCCA
CAACCTTCAA
CAGCCATCTA
CAGCCTTCAA
CAACCTTCAA
CAGCCTTCCA
CAACCTTCARM
CAACCATCAA
CAGCCATCCA
CAGCCATCAT
CAGCCATCCA
CAGCCATCAT
CAGCCATCAC
CAACCATCAN
CAACCATCAA
CAACCTTCAA
CAGCCATCAT
CAACCATCGA
CAGCCATCTA
CAGCCATCCA
CAACCATCCA
CAGCCATCCA
CAGCCTTCTC
CAGCCTTCTA
CAACCATCCA
CAACCATCCA
CAGCCATCTA
CRACCATCCA
CAACCATCTA
CAGCCATCTT
CAGCCATCTT
CAGCCTTCCT
CAGCCTTCCT
CAGCCATCCA
CAGCCATCCT
CAGCCGTCGC
CAACCATCCC

Moniz de Si

T
TAATCGGCAT
TGATTGGIAAT
TGATTSGAAT
TCATTGGGAT
TGATTGGTAT
TCATAGGAAT
TSATTGGGAT
TTATTIGTAT
TCATCGGCAT
TGATTGGGAT
TGATCGGANT
TGATCGGAAT
TGATCGGAAT
TGATTGGAANT
TTGTGGGANT
TGATCGGAAT
TSATCGGAAT
CAANTTGGANT
TGATTGGAAT
TGATTGGTAT
TTATCGGAAT
TTATCGGAAT
TGATCGGAAT
TGATTGGAAT
TSATCGUANT
TGATTGGTAT
TGATTGGAAT
TGATCGGAAT
TTATTCGAAT
TTGTTGGANT
TGATTGGAAT
TGATCGGANT
TGATTAGGAAT
TTATCGGAAT
TGATCGGGAT
TGATTGGAAT
TGATCGGANT
TGATTGGANT
TGATTGGAAT
TGATTGGTAT
TGATTGGAAT
TGGTAGGAAT
TGATCGGAAT
TSAT' TGOANT
TGGTAGGAAT
TGATTGAAAT
TCANTTGGCAT
TCATTGGIAT
TCATPGGTAT
TCATTGGEAT
TGATTGGTAT
TCATTGOCAT
TOATCGOUNT
TTGTTGGCAT



viva
Pole2
Pahil
Bohcl
ARl
RAcl
RACE
RACT
RAC2Z
DchAcl
ptd6
prbs
pt79
pre2
PoAcl01
pPoAchEd
PoAcTl
POACTE
Pohc97
PoAC99
prd2
pt6s
tmiz
tmd 1l
tm52
tmS51
tmi0s
tbi103
thi0d
thé6é
tb71
th9l
tobl
thb3
tb54
soy 109
soyl1l5
soyll8
go0yll9
soys7
so0y58
soy69
soy70
s0y86
SAcl
SAC3
mz546
mz63
mzB8l
mz83
mz87
mz89
mz 9%
MACL

GOAGGCGGTC
GGARRGCTGCT
GOARGCTGUT
GGARGCTSCT
CGOAGARTGCT
GGARGCTGCS
GGAAGCTCCG
GGAAGCTCCT
GGAAGCTCCA
GGAGTCTGCT
GGAARGCTGCT
GGAAGCTGCT
SGAAGCTGCT
GGAMGCTGCT
GGAAGCTGCT
SGAAGCAGCT
GGARGC7GCT
GGAAGCTGCT
GGAAGCTGCA
GGAAGCTGCA
GGAAGCTGCT
GGAAGCTGCT
GGAAGCTGCT
GGAAGCTGCA
GGAAGCTGCT
GGAAGCTGCA
GGARGCAGTT
GGAAGCTGCA
GGAAGCAGCA
GGAAGCTGCT
GGAAGCTGCA
GGAAGCTGCT
GGAAGCTGCA
GGAAGCAGTT
GGAAGCTGCA
GGAAGCTGCT
GGAAGCCGCT
GGAAGCTTCA
GGAAGCTGTT
GGAAGCTACT
GGAAGCTGCT
GGAAGCATCA
GGAAGCTTCT
GGAAGCTGCT
GGAAGCATCA
GGAAGCTGCT
GGAATCTCCT
GGAATCTCCT
GGAAGCTCCT
GGAAGCTCCT
GGAGGCTGCT
GGAATCTGCT
GGAAGCTCCC
GGAATCGCCT

Appendix: con’t

GGT---ATCC
GGh--~ATTC
GGA---ATTC
GGC---ATTC
GGT---ATCC
GGT--~ATCC
GGG---ATCC
GGC---ATCC
GGC~--ATCC
GGA-~-ATCC
GGA---ATTC
GGT--~ATTC
GGT---ATTC
GGA---ATTC
GGA---ATCC
GGA--~-ATCC
GGA---ATTC
GGT---ATCC
GGA---ATCC
GGT? 7AATCC
GGA---ATCC
GGA---ATCC
GGG--~ATAC
GGA---ATCC
GGT---ATTC
GGT--~-ATCC
GGA-~-ATTC
GGT---ATCC
GGA---ATTC
GGA---ATTC
GGA---ATCC
GGT---ATTC
GGC---ATTC
GGA---ATTC
GGT---ATCC
GGA---ATTC
GGC---ATTC
GGC---ATTC
GGC~--ATTC
GGA-~-ATTC
GGA~---ATTC
GGC-~~ATTC
GGC---ATTC
GGA~--ATTC
GGC~--ATTC
GGA-~-ATTC
GGC---ATCC
GGC~--ATCC
GGC---ATCC
GGC---ATCC
GGA---ATCC
GGC-~--ATCC
GGC--~ATCC
AGC---GTCC

ACGARCACTRC
ATGAGACCAC
ATGAGACCAC
RCGAGRCTAC
ATGAARCCAC
ATGAGACTAC
ATGAGACCAC
ATGAAGCCAC
ATGAGACGAC
ATGAAACTAC
ATGAGACGAC
ATGARACCAC
ATGAAACCAC
ATGARACGAC
ATGAAACAAC
ACGAGACCAC
ATGAGACGAC
ATGAGACAAC
ACGAGACTAC
ATGAGACTAC
ATGAAACAAC
ATGARACAAC
ATGAAACAAC
ACGAGACTAC
ATGAAACCAC
ACGAGACTAC
ATGAAACRAC
ATGAGACTAC
ATGARACARC
ACGAAMCAAC
ACGAGACTAC
ATGARACCAC
ACGARACGAC
ATGAAACAAC
ATGAGACTAC
ATGAGACCAC
ATGAAACCAC
ACGAGACAARC
ATGAGACCAC
ATGAAACGAC
ACGAGACCAC
ATGAAACGAC
ATGAGACCAC
ATGAGACCAC
ATGAAACAAC
ATGAGACCAC
ATGAAGCCAC
ATGAAGCCAC
ATGAGACCAC
ATGAGACCAC
ATGAGACAAC
ATGAAGCCAC
ACGAGACCAC
ATGAGGCCAC

CTTTARCAGC
TTACAACTCT
TTACAACTCT
CTACARACTCC
CTATAACTCC
ATACAACTCC
CTACAACTCT
ATACAACTCC
ATACAACTCC
TTACAATTCC
GTATAARTTCT
ATACAATTCC
ATACAATTCC
GTATAATTCA
TTACAATTCC
ATACAACTCG
ATATAATTCT
ATACAACTCT
ATACARCTCT
CTACAACTCC
CTACARACTCC
CTACAACTCC
GTACAACTCG
ATACAACTCT
GTACAATTCC
CTACAACTCT
ATATAGCTCA
CTARCAACTCC
CTATAACTCA
TTACAATTCC
ATACAACTCT
ATACAATTCC
TTATAACTCG
CTACAACTCA
CTACAACTCC
CTACAATTCT
TTACAATTCA
ATACAACTCC
ATACAATTCA
ATACRATTCC
CTACAACTCC
ATACAACTCC
TTACAATTCA
CTACAATTCT
ATACAACTCC
CTACAATTCT
GTACAACTCC
GTACAACTCC
CTACAACTCC
CTACAACTCC
ATACANTTCA
GTACAACTCC
CTACAACTCG
GTACARCTCC

146

ATCATGRAGT
ATAATGAAGT
ATAATGAAGT
ATCATGAAGT
ATAATGRAGT
ATCATGAAGT
GTCATGAAGT
ATCATGARGT
ATCATGARGT
ATTATGAAGT
ATAATGAARGT
ATCATGRAGT
ATCATGAAGT
ATCATGAAGT
ATCATGAARGT
ATCATGAAGT
ATAATGAAGT
ATAATGAAGT
ATCATGAAAT
TTTATGAAGT
ATCATGAAGT
ATCATGAAGT
ATCATGAAAT
ATCATGAAAT
ATCATGAAGT
ATTATGAAGT
ATCATGAAGT
ATTATGAAGT
ATCATGAARD
ATCATGAAGT
ATCATGAAGT
ATCATGAAGT
ATCATGAARGT
ATCATGAAGT
ATCATGRRAC
ATCATGARGT
ATCATGAAAT
ATAATGAAGT
ATTATGAAGT
ATCATGAAAT
ATCATGARAGT
ATARTGAART
ATCATGAAGT
ATCATGAAGT
ATAATGAAAT
ATCATGRAGT
ATCATGAAGC
ATCATGAAGT
ATCATGAAGT
ATCATGAMAT
ATCATGAAGT
ATCATGAAGT
ATCATGARAT
ATCATGAAGT

GCGATGTCGA
GTGATGTTGA
GTGATGTTGA
GCGACGTGGA
GTGATCTCGA
GCGACGTGGA
GTGAAGTGGA
GCGATGTTGA
GCGATGTTGA
GTGACGTTGA
GTGATGTTGA
GTGACGTTGA
GTGACGTTCGA
GTGATZTGGA
GCGATGTAGA
GTGACGTTGA
GTGATGTTGA
GTGATGTTGA
GTGATGTGGA
GTGATGTTGA
GTGACGTCGA
GTGACGTCGA
GTGACGTTGA
GTGACGTGGA
GTGACGTTGA
GTGATGTTGA
GTGATGTGGA
GTGACGTTGA
GTGATGTGGA
GTGATGTAGA
GTGATGTGGA
GTGACGTTGA
GCGACGTGGA
GTGATGTGGA
GTGATGTGGA
GTGATGTGGA
GTGATGTCGA
GCGATGTTGA
GTGATGTTGA
GTGATGTTGA
GTGATGTGGA
GTGATGTTGA
GTGATGTCGA
GTGATGTGGA
GTGATGTTGA
GTGATGTGGA
GTGACGTCGA
GTGACGTCGA
GCGATGTCGA
GCGACGTCGA
GTGATGTGGA
GTGACGTCGA
GTGACGTTGA
GTGATGTTGA

Moniz de Sa

840
TATCCGCAAG
TATCAGARAG
TATCAGARAG
TATTAGGAAG
CATCAGGARG
TATTAGGARG
TATCAGGAAG
TATTAGAAAG
TATCAGAARG
TATCAGAARG
TATTAGARAG
TATCAGGAAG
TATCAGGARG
TATTAGGAAG
TATCAGAAAG
TATCAGRAARG
TATTAGARRG
TATCAGGAMG
TATTAGAAAR
TATCGGGAAG
TATCAGGARG
TATCAGGAAG
TATCAGGAAG
TATTAGGAAA
TATCAGGAAG
TATCAGGAAG
TATTAGAAGA
TATTAGGAAG
CATTAGGAAG
TATCAGAAAG
TATTAGAAAG
TATCAGAAAG
TATCAGAARG
TATTAGGAAA
TATTAGGRAG
TATCAGRAGG
TATTAGGAAG
TATCAGGARG
TATCAGGRAG
TATTAGGARG
TATTAGGARG
CATCAGGAAL
CATTAGGAARG
TATCAGAARG
CATCAGGAAA
TATCAGAAAG
TATCAGAAAG
TATCAGAMAG
CATCRAGGAAG
TATCAGGAAG
TATCAGGAAG
TATCAGAAAG
TATCAGGAAG
TATCAGGAAG



vivx
Psac2
Fshacl
SoAcl
AACL
Racl
RAC3
RAcT
Rac2
Dcacl
prde
pL6é
pL79
pEB82
Pohclll
POACSE
PoacTl
PoaAc?S
POACYT
POACS9
ptd2
pt6hs
tm32
tm4l
tm52
tm51
cLmlos
th103
thl04
tbE6
th71
tk93
cobl
th53
thb4
soyl09
soyll5
soyl18
soyll9
soy57
soyh8
soyE9
soy70
s0y86
SAcl
SAcC3
mz5é
mz6&3
mz81l
mz83
mz87
mz 89
mz95
MAcl

GATCTGTACA
GATCTSTACG
GATCTGTACG
GATCTATATG
GACTTCTACG
GATCTATATG
GATCTCTATG
GATTTGTACG
GACCTGTATG
GATCTTTATG
GATTTGTATG
GATCTATATG
GATCTGTATG
GATCTGTATG
GATCTTTATG
GACCTCTACG
GATTTGTATG
GATCTCGTATG
GATCTTTATG
GACCTCTATG
GATCTTTATG
GATCTTTATG
GATCTTTATG
GATCTTTATG
GATCTGTATG
GACCTCTACG
GATTTATATG
GACCTCTATG
GATTTATACG
GATCTTTATG
GACCTTTATG
GATCTCTATG
GATCTGTATG
GATTTATATG
GACCTCTATG
GATCTATATG
GACTTGTATG
GACCTCTATG
GACTTGTATG
GATCTGTATG
GATCTGTATG
GACCTGTACG
GACTTGTATG
GATCTATATG
GACCTGTACG
GATCTATATG
GACCTGTACG
GACCTGTACG
GACTTGTATG
GACTTGTATG
GACCTCTACG
GATCTGTACG
GACCTGTACG
GATTTGTATG

Appendix: con’t

ACAACATCGT
GAAACATTGT
SAAACATTGT
GCAACATCGT
GTAACATTGT
GICAACATCGT
GTAACATTGT
GTAATGTGGT
CGTAACATTGT
GTAATATTCT
GGAACATTGT
GAAACATTGT
GAARCATCGT
GAAACATTGT
GTAACATTGT
GTAACATTGT
GGAMCCATGT
GGAACATTGT
GAAACATTGT
GAATACTTGT
GAARCATTGT
GARACATTGT
GTAACATTGT
GAARACATTGT
GARACATCGT
GTAACATTGT
GAAACGTTGT
GCAACATTGT
GAAATATTGT
GAAACATCGT
GAARCATTGT
GAAACATTGT
GAAAGATTGT
GAAACGTTGT
GTAACATTGT
GCAACATTGT
GAAACATCGT
GTAACATIGT
GAAACATAGT
GAARCATCGT
GTAACATTGT
GTAACATTGT
GAAACATTGT
GCAACATTGT
GTARCATTGT
GCAACATTGT
GTARATGTCGT
GTAATGTCGT
GTAACATTGT
GTAACATTGT
GCAACATTGT
GTARTGTTGT
GGAMCATCGT
GTAACGTTGT

GCTCTCTGET
TCTTAGTGGT
TCTTAGTGET
CCTCTITEGT
GCTCAGTSGGT
TCTCAGTGET
GCTTAGTGGA
CCTTAGTGGG
TCTCAGTGGT
ACTTAGTGGG
GCTTAGCGGT
CCTCAGTGGT
CCTCAGTGGT
ACTTAGTGGT
CCTCAGTGGT
TCTCAGTGGT
GCTTAGTGGT
ACTTAGTGGT
GCTCAGTGGT
GCTCAGTGST
ACTTAGTGGC
ACTTAGTGGC
ACTTAGCGGG
GCTCAGTEGT
CCTCAGTSGT
GCTCAGTGET
GCTTAGTGGT
GCTCAGTGGT
ACTCAGTGGT
CCTTAGTGGT
GCTCAGTGGT
CCTCAGTGGT
ACTCAGTGGC
GCTTAGTGGT
TCTCAGTGGT
TCTTAGTGGT
TCTCAGTGGT
TCTTTCAGGA
CCTCAGTSGT
GCTTAGTGGA
TCTTAGTGGT
CCTTTCAGSA
TCTCAGTGGT
TCTTAGTGGT
CCTTTCAGGA
TCTTAGTGGT
CCTCAGTGGT
CCTCAGTGGT
GCTCAGTGGT
TCTCAGTGGT
GCTCAATGGA
CCTCAGTGGT
CCTCAGTGGA
CCTCAGTGGG

GGAACGACCA
GGTACAACTA
GOTACAACTA
GGTACCACTA
GGAACCACAA
GGTACCACTA
GGAACTACCA
GGATCTACAA
GGATCCACCA
GGATCAACTA
GGGTCGACTA
GGTACCACAA
GGTACCACAR
GGTACGACTA
GGAACAACAA
GGTACTACCA
GGCTCGACTA
GGATCCACTA
GGTACTACCA
GGCTCAACCA
GGAACGACTA
GGAACCACTA
GGGACGACTA
GGTACTACCA
GGTACCACARA
GGTTCAARCCA
GGCTCAACTA
GGCTCAACCA
GGUTCAACTA
GGAACAACAR
GGCTCTACCA
GGTACCACCA
GGTTCGACTA
GGCTCAACTA
GGCTCCACCA
GGCTCAACTA
GGTTCTACCA
GGAACAACCA
GGTTCTACCA
GGGTCTACTA
GGCTCAACTA
GGTACAACCA
GGATCTACCTA
GGCTCAACTA
GGTACAACCA
GGCTCAACTA
GGCTCCACTA
GOCTCCACTA
GGCACGACCA
GGCACAARCCA
GGTTCGACTA
GGCTCCACTA
GGGACGACCA
GGTTTTACCA

147

TGTTCCCTGG
TCTUTCCIGE
TGTTTCCCGG
TETTCCOTGG
TGTTCCCTGG
TGTTCCCTGG
TCTTCCCTGG
TGTTCCCTGG
TGTTCCCTGS
TETTTCCTGG
TGTTTCCTGG
TGTTCCCTGG
TGTTCCCTGGE
TGTTCAATGG
TETTTCCTGG
TGTTCCCCGG
TGTTTCCTGG
TGETTTCCTGG
TGTTCCCTGG
TGTTCCCTGS
TGTTTCCTGG
TGTTTCCTGS
TGTTTCCAGS
TGTTCCCAGG
TGTTCCCTGG
TGPTCCCTGG
TGTTCCCTGG
TGTTCCCTGG
TGTTCCCTGG
TGTTTCCTGG
TGTTCCCGGG
TGTTCCCGGG
TGTTTCCTGG
TGTTTCCAGG
TGTTCCCTGG
TGTTTCCTGG
TGTTCCCAGG
TETTCCCTGG
TGTTCCCTGG
TGETTTCCGEG
TETTCCCTGE
TGTTCCCTGG
TGTTCCCAGG
TGTTTCCTGG
TCTTTCCTAG
TSTTTCTTGG
TGTTCCCTGG
TGTTCCCTGG
TGTTCCCTGO
TGTTCCCTGG
TGTTCCCCEA
TGTTCCCTGG
TGTTCCCTGG
TGTTTCCTGG

CATCGCTGAT
TATTGCTGAC
TATTGCTGAC
GATTGUTGAC
AATCGCCGAL
CATTGCTGAC
CATTSCTGAC
TATTGGTGAT
CATCCGGAGA
TATTGCTGAT
CATTGCTGAT
TATTGCTGAT
TATTGCTGAT
AATTGCTGAT
TATTGCTGAT
TATTGCCGAT
CATTGCTGAT
TATTGCTGAC
TATTGCTGAT
TATTGTTGAT
AATTGCTGAT
AATTGCTGAT
AATCGCTGAT
TATTGCTGAT
TATTGCTGAT
TATTGCTGAC
CATAACGGAT
TATTGCTGAT
TATAGCAGAT
CATTGCAGAT
TATCGCTGAT
CATTGCTGAT
AATTGCTGAT
GATAACAGAT
TATTGCTGAT
TATTGCAGAC
TATTGCTGAC
TATTGCTGAC
CACTGCTGAC
AATTGCTGAT
TATTGCTGAC
CATCGCTCAT
TATCGCTGAC
TATTGCAGAC
CATCGCTGAT
TATTGCAGAC
CATCGGTAAC
CATCGGTGAC
TATTGCGGAC
CATCGCTGAC
TATCGCTGAT
TATTGGTGAC
CATCGCTGAC
GATTGCCGAT

Moniz de 8d

alo
COCATGAICA
CGTATSAGCA
COTATGARTA
AGSATGAGGE
AGAATGAMICH
AGCGATIAGTA
AGGATIAMICA
CGTATSAGTA
CCGATGALCA
CGTATGAGTA
AGAATGAGCA
AGGNTGAGCA
AGCGATGAGCA
AGAATGAGC A
COTATGAGCA
AGAATGAGCA
AGANTGAGCA
AGANTGAGTA
AGAATGAGCA
CGTATCOAGCA
AGAATGASCA
AGAATGAGCA
AGAATGAGCA
MGAATGAGCA
AGGATCGAGCTA
COTATGAGCA
COTATGAGTA
CGTATGAGCA
COAATGAGTA
CGTATGAGCA
AGAATGAGCA
AGGATGAGCA
AGGNTGASTA
CGTATGAGCA
CGGATGACCA
CEGATGAICA
AGANTGAGCA
AGAATGAGCA
AGANTGAGTA
COCATGAGCA
CCTATGMICA
AGAATGAGUA
AGARTGAGCA
COTATGAGCA
ACAATGAGTA
COTNIGAGCA
CGTATGAGCA
COCATGAICA
CGTATGAGCA
COTATCGAGCA
CGTATGACCA
CGTATGAGLA
AGGATGAGCA
COTATGNICA



sohcl
Ahcl
RhC1
RACE
RACT
RAC2
Dohecl
pr4é
pr6G
pL79
pr8z
PoAciOl
PoAcHs
POACTL
Poac?S
PoAceT
PoAC99
prd?
pL6S
Lm32
tmdl
tmb52
tm51
tml0s
thlod
tbi04
th6é
tbh71
Lhe3
tobl
th53
Lh54
soy109
soylls
s0y118
soyll9
soy57
soyh8
Boy69
soy70
soy86
SAcl
Shc3
mz5G
mz53
mz81
mz83
mz87
mz89
mz95
MAcl

RGOAGATCAC
RGORGRTCAC
AGGAGRTCRC
RAEGGARATCA
AAGAGATCAC
RGGAARGATCA
AGGAGGATTA
AGGAAATAAC
BOGGAAGHTCA
AAGARDLTCAC
AGGAGATTCA
AGGARATTAC
AGGARATTAC
AGGARATTAC
AGGAAATTAC
ARGAACTTAC
AGGAGATTCA
AGOAGATCAC
AAGAAATTAC
AGGAAATCAC
AAGAAATCAC
AAGARATCAC
AAGAAATCAC
ARAGARATTAC
AGGAAATTAC
AGGAAATCAC
AGGAATTCAC
AGGAMATCAC
AAGARATTAC
AGGAAMTTAC
AAGAAATTAC
AGGARATTAC
AGGAAATTAC
AGGAAATCAG
AGGAAATCAC
AGGAGATCAC
AGGAAATCTC
AGGAAATTTC
AGGAAATCAC
AGGAAATTAG
AGGAGATCAC
RGGAAATCTC
AGGAAATCTC
AGGAGATCAC
AGGAAARTTTC
AGGAGATCAC
AGGAGATCAC
AGGAGATCGT
AGGAGATCAC
AGGAGATCAC
AGGAGATCAC
AGGAGATTAC
AGGACATTAC
AGGAGATCAC

Appendix: con’t

TGCCCTS
CTACCTTGCT
TCCTTTSGCT
CTGCCTTGCT
CGCCCTTGCA
TGCACTCTGT
CCGCGCTGCG
TGCTCTTGCC
AGCCTTAGCA
TGCATTAGCT
TGCATTAGCT
TGCATTGGCT
CQCTCTTGCT
TGCATTGGCT
AGCCTTAGCA
CGCETTAGCC
TGCATTGGCT
TGCCTTGGCT
AGCATTGGCT
AGCATTGGCT
AGCATTGGCT
TGCATTGGCT
TGCATTAGCT
CGCCTTGGCT
TGCTCTTSCT
CGCTTTGECT
TGCTCTTGCT
TGCTCTTGCT
TGCACTTGCT
CGCATTAGCT
TGCCTTAGCT
TGCTCTTGCT
TGCTTTAGCT
TECTCTTGCT
AGCTTCGGCC
GGCATTGGCA
TGCTTTGGCC
TGCTCTTGCC
TGCACTTGCT
TGCTTTAGCT
AGCTTTGG &
TGCTCTTGC
TGCTTTAGCC
TGCTCTTGCT
TGCCCTTGCG
TGCGCTTGEC
TGCCCTTGCG
CGCCCTTGLC
TTCCCTTGCA
TGCACTTGCC
TGCCCTCGCG
GTCCCTAGTT

COGTCTGECCA
COTAGCRIECA
COTAGCRGCA
CCUTAGCRGCA
CCRAGCAGCA
CCTAGCAGCA
CCAAGCAGCA
CCTGGCAGTA
CCAAGCAGCA
CCCAGTAGCA
CCAAGTAGCA
CCTAGTAGCA
CCTAGTAGCA
CCARGCAGCA
CCCAGCAGCA
CCARGCAGCA
CCAAGTAGCA
CCTAGCAGCA
CCTAGCAGCA
CCCAACAACA
CCATGTAGCA
CCAAGTAGCA
CCAAGTAGCA
CCTAGCAGCA
CCTAGTAGCA
CCCAGCAGCA
CCAAGCAGCA
CCCAGCAGCA
CCAAGCAGCA
CCCAGCAGCA
CCTAGCAGCA
CCAAGTAGTA
CCAAGCAGTA
CCAAACAGCA
CCAAGUAGCA
CCTAGCAGCA
CCAAGCAGCA
CCCAGCAGCA
CCATGCAGCA
ACCAGTAGCA
CCTAGCAGCA
CCAAGCAGCA
CCAARGCAGCA
CCTAGCAGCA
CCAAGTAGCA
CCTAGCAGCA
CCGAGCAGCA
CCCAGCAGCA
CCGAGCAGCA
CCGAGCAGCA
CCARGCAGCA
CCCAGCAGCA
CCGAGCAGCA
CCTAGCAGCA

TGARAGATCAR
TGAAGATTAA
TSARGATTAR
TGARGATCAA
TGAAGATCAR
TGAAGATCAR
TGAAGATCAA

TGAMGATCAR
TGAAGATCAA
TGAAGATCAA
TGAAGATCAA
TGAAGATCAA
TGAAALTTAA
TGAAAATCAA
TGAAGATTAA
TGAMGATCAA
TGAAGATTAA
TGAAGATTAA
TGAAGATCAA
TGAAAATTAA
TGAAAATTAR
TGAARATTAA
TGAAGATTAA
TGAAGATCAA
TGAAGATTAA
TGAAGATCAA
TGAAGATTAA
TGAAGATCAA
TGAAGATCRA
TGARGATTAA
TGAAGATCAZ
TGAARATTRA
TGARGATTAA
TGAAGATTAA
TGAAGATTAA
TGAAGATTAA
TGAAGATCAA
TGAAGATCAG
TGAARATCAA
TGAAGATTAA
TGAAGATCAA
TGAAGATTAA
TGARGATTAA
TGAAGATTAA
TGAAGATTAA
TGAAAATCAR
TGAAGGTGAA
TGGAAATCAA
TGAAAATCAR
TGAAGATCAA
TGAAGGTGAA
TGAAGATCAA
TGARAGGTTAA

148

GETCGTCGCC
GGTTGTGGCT
GGTTGTGGCT
GGTGGTTGCT
AGTCGTTGCC
GGTGGTCGCC
GGTCETGGCA
~GTAGTTGCA
GGTTGTCGCT
GGTGGTGGCC
AGTGGTTGCT
GGTTGTCGCC
SGGTTGTCGCC
GGTTCTTGCT
GGTGGTGGCG
GGTTGTTGCA
AGTGGTTGCC
GETTGTTGCA
GGTGGTCGCT
GGTTGTTGCT
GGTCGTTGCA
GGTCGTTGCA
GGTGGTTGCA
GGTGGTCGCT
GGTTGTCGCC
GGTTGTTGCT
AGTCGTTGCA
GGTTGTTGCT
GATGGTTGCA
GGTGGTGGCG
GGTGGTCGCC
GGTTGTCGCC
GGTGGTAGCT
GGTTGTTGCA
GGTTGTTGCG
GGTTGTAGCT
GGTGGTTGCT
GGTTGTAGCA
GGTGGTTGCA
GOTGGTTGCA
GGTTGTGGCT
GGTGGTAGCA
GGTGGTTGCT
GETTGTAGCT
GGTGGTAGCA
GGTTGTAGCT
GGTGGTGGCA
GETGGTTSCT
GGTGGTGGCA
GGTGGTGGCT
GGTCGTCGCA
GGTGGTTGCT
GGTCGTGGCG
AGTAGTTGCG

CCGCCGGARGE
CCACCAGAGA
CCACCAGAGA
CCTCCAGARA
CCTCCAGAGA
CCTCCTGARA
CCTCCTGAGA
CCGCCAGAGA
CCGCCAGAGA
CCTCCAGARA
CCTCCTGAAA
CCACCTGAGA
CCACCTGAGA
CCACCTGAAA
CCTCCTGRAC
CCACCAGAAA
CCCCCTGAAA
CCCCCTGARA
CCACCAGAGA
CCACCGGAGG
CCACCAGRARA
CCACCAGRAA
CCACCAGAGA
CCACCAGAGA
CCACCTGAGA
CCACCGGAGA
CCACCTGARA
CCACCGGAGA
CCACCCGAGA
CCTCCTGARC
CCACCAGAGA
CCACCTGAGA
CCACCTGAGA
CCACCTGAGA
CCACCAGAGA
CCACCAGRAA
CCACCTGAGA
CCACCTGAGA
CGACCCGAGA
CCTCCTGAGA
CCACCAGAGA
CCTCCTGAGA
CCACCTGAGA
CCACCAGAAA
CCTTCCGAGA
CCACCAGAAA
CCGCCTGAGA
CCGCCGGAGA
CCGCCTGAGA
CCACCCGAGA
CCACCTGAGA
CCGCCGGAGA
CCTCCTGAGA
CCACCTAGAA

Moniz de Sa

g80
GCAARGTACTC
GGAAGTACAG
GGAGGTAGCAG
GGAAGTACAG
GGRAATACTC
GGARGTACAG
GARARTACAG
GGARATACAG
GGAAGTACAG
GARAGTACAG
GGARGTATAG
GGAAGTACAG
GGAAGTACAG
GGRAGTATAG
GGAAGTACAG
GAAARTATRAG
GGAAGTATAG
GGAARGTACAG
GGARATACAG
GAAAGTACAC
GGAAGTATAG
GGAAGTATAG
GGAAGTATAG
GGARATACAG
GGAAGTACAG
GAAAGTACAG
GCAAGTACAG
GAAAGTACAG
GGAAGTATAG
GCAARGTACAG
GGAAATRCAG
GGAAGTACAG
GGAAGTATAG
GGAAGTACAG
GAAAGTACAG
GAABMATATAG
GAAMGTACAG
GAAAATACAG
GAAAGTACAG
GAAAGTACAG
GAAAGTATAG
GARAGTATAG
GARAGTACAG
GAAAATATAG
GAAAGTTCGG
GARAATATAG
GGARATACAG
GGAAGTACAG
GGAAATACAG
GGAAATACAG
GGARGTACRG
GGAAGTACAG
GARAATACAG
GGAAGTACAG



v1vx
PsAc2
PsAcl
Soacl
AAcCl
RAcl
Rac3
RACT
RAC2
DcAcl
ptds
ptéb
pt79
pcsz
PoAcl0l
PoAcCSS
PoAc?1
PoacTS
PoAc9?
DoAc99
pt42
pt6es
tm32
tmil
tmb52
tm51
tml05
chlo3l
thl04
thb6é
th71
th93
cokl
ths3
th54
soyl09
soylls
soyll8
soylly
soySs7
s0Y58
s0V69
sov70
soy86
SAcl
SAc3
mz56
mz63
mz81
mz 83
wmz 87
mz89
mz95
MAcl

TETG---TGG
TGTC---TGG
TSTC---T6G
TGTC---TGG
TGTC~--TCG
TGTC---TGG
TGTC---TGG
TQTC---TGG
TGTC---TGG
CGATCTCTGG
TGTC--~TGG
TGTCw--TGG
TGTC---TGG
TGTT---TGG
TGTC---TGG
TGTC---TGG
TGTT---TGG
TGTG---TGG
TGTC--~TGG
TGTC~--TTG
TGTT---TGG
TGTT--~TGG
TGTT~~--TGG
TGTC~--TGG
TGTC- --TGG
TGTC---TGG
CGTC---TGG
TGTC---TGG
TGTC~---TGG
TGTC---TGG
TGTC--~TGG
TGTT-~-TGG
TGTT---TGG
CGTC---TGG
TGTC--~TGG
TGTC=---TGG
TGTC---TGG
TGTC---TGG
TGTC---TGG
TETC~--TGG
TGTC---TGG
TGTC--~TGG
TGTC---TGG
TGTC---TGG
TGTT~--TGG
TG ---TGAG
TGTC---TGG
CGTT-~~TGG
TGTC~--TGG
TETC---TGG
TGTC---TGG
TGTT---TGG
TGTT---TGG
TGTC---TGG

Appendix: con’t

ATTGSTGGTT
ATTGGAGGAT
ATTGGAGGAT
ATTGGAGGAT
ATTGSAGGGT
ATTGGAGGAT
ATTGGAGGTT
ATTGETGGGT
ATTGGAGGAT
ATTGGAGGAT
ATTGGAGGTT
ATCGGAGGAT
ATCGGAGGAT
ATTGGAGGCT
ATTGGAGGGT
ATTGGAGGTT
ATTGGAGGTT
ATTGGAGGTT
ATTGGAGGCT
ATTGGAGGAT
ATTGGAGGTT
ATTGGAGGTT
ATTGGAGGTT
ATTGGAGGCT
ATCGGAGGAT
ATTGGAGGAT
ATTGGAGGAT
ATCGGAGGAT
ATTGGAGGGT
ATTGGAGGAT
ATTGGAGCETT
ATTGGAGGAT
ATTGGAGGTT
ATTGGAGGAT
ATTGGAGGAT
ATTGGAGGAT
ATTGGTGGCT
ATCGGTGGTT
ATTGGTGGCT
ATTGGTGGTT
ACTGGAGGAT
ATTGGAGHTT
ATTGGTGGCT
ATTGGAGGAT
ATTGGAGGAT
ATTGGAGGAT
ATAGGAGGAT
ATTGGTGGCT
ATAGGAGGAT
ATAGGAGGGT
ATAGGAGGGT
ATTGGTGGTT
ATTGGTGGCT
ATCGGTGGCT

CAATCCTGGC
CARTCCTTGC
CAATCCTTGC
CCATCTTGGC
CCATCTTGGC
CCATCTTGGC
CTATCCTTGC
TCATCCTGGC
CCATCTTGGC
CGATCCTGGC
CAATTTTGGC
CTATCTTGGEC
CTATATTGGC
CTATTTTAGC
CTATCTTAGC
CTATTTTGGC
CAATTTTGGC
CCATCTTGGEC
CTATCTTGGC
CCATCCTAGC
CAATCTTGGC
CARATCTTGGEC
CAATTTTGGC
CTATCTTGGC
CTATTTTGGC
CCATCCTTGC
CAARTTCTAGC
CCATCCTCGC
CAATTCTAGC
CTATCTTAGC
CTATCTTGGC
CTATTTTGGC
CTATTTTGGC
CAATTCTAGC
CCATTCTTGC
CAATCCTTGC
CTATCTTGGC
CTATCTTGGC
CTATCTTGGC
CTATCTTGGC
CAATCCTTGC
CTATCTTGGC
CTATCTTGGEC
CAATCCTTGC
CAATCCTTGC
CAATCCTTGC
CCATCCTTGC
CCRTTCTGSC
CCATCCTTGC
CCATCCTTGC
CGATCCTAGC
CCATTCTGGC
CGATCCTTGC
CTATTTTGGC

GTCCTTETCG
ATCTCTCAGC
ATCTCTCAGC
ATCTCTCAGT
CTCCCTCAGT
ATCTCTCAGE
CTCCCTCAGC
TTCTCTCAGT
ATCTCTGAGC
TTCTCTCAGT
ATCCCTCAGT
CTCCCTCACGC
CTCCCTCAGC
TTCTCTAAGT
TTCTCTCAGC
TTCCCTCAGC
ATCCCTCAGT
ATCCCTCAGT
TTCCCTCAGC
GTCAGTTAGC
TTCTTTAAGT
TTCTTTAAGT
TTCTTTAAGT
TTCCCTCAGT
CTCTCTCAGC
ATCACTTAGC
TTCCCTCAGT
ATCCCTTAGC
TTCTCTCAGT
TTCTCTCAGC
TTCCCTCAGC
CTCTCTCAGC
TTCTTTAAGT
TTCCCTCAGT
ATCCCTCAGC
ATCCCTCAGC
TTCTCTCAGC
ATCTCTTAGC
TTCTCTCAGC
ATCACTTAGC
GTCCCTCAGT
ATCCCTGAGC
TTCTCTCAGC
ATCCCTCAGC
ATCTCTAAGC
ATCCCTCAGC
CTCCCTGAGC
CTCTCTCAGT
CTCCCTGAGC
TTCCCTGRAGS
CTCGCTCAGT
CTCCCTCAGT
GTCGCTCAGT
TTCTCTCAGC
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ACCTTCCAST
ACCTTCCAGC
ACCTTCCAGC
ACATTCCAGT
ACCTTACAGC
ACATTCCAGC
ACATTCCAAC
ACCTTTCAGC
ACCTTCCAGC
ACCTTCCAGC
ACTTTCCAAC
ACATTCCAGC
ACATTCCAGC
ACCTTCCAAC
ACCTTCCAAC
ACCTTCCAGC
ACCTTCCAAC
ACCTTCCAGC
ACCTTCCAGC
ACCTTCCAGC
ACCTTCCAAC
ACCTTCCAAC
ACCTTCCAAC
ACCTTCCAGT
ACATTCCAGC
ACCTTCCAGC
ACTTTCCAAC
ACATTCCAGC
ACTTTCCAAC
ACCTTCCAMC
ACCTTCCAGC
ACATTCCAGC
ACTTTCCAAC
ACTTTCCAAT
ACATTACAGC
ACCTTCCAAC
ACCTTCCAAC
ACCTTCCAGC
ACTTTCCAAC
ACCTTCCAAC
ACCTTCCAGC
ACCTTCCAAC
ACTTTCCAAC
ACCTTCCAGC
ACCTTCCAGC
ACCTTCCAGT
ACCTTCCAAC
ACCTTCCAGC
ACCTTCCAAT
ACCTTCCARC
ACTTTCCAAC
ACCTTTCAGC
ACGTTCCAGC
ACTTTTCAGC
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Al
AG
AG
AG
AG
AG
AG
AG
AG
AG
AG
G
AG
AG
AG
AG
AG
AG
AG
AG
AG
T3
AG
AG
AG
AG
AR
AG
AA
G
AG
AG
AG
AR
AG
AG
AG
AG
MG
AG
AG
AG
AG
s
AG
MG
e
AG
te}
AG
AG
ARG
hG
MG
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