Evolutionary Paths Underlying Flower
Color Variation in Antirrhinum
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To understand evolutionary paths connecting diverse biological forms, we defined a three-
dimensional genotypic space separating two flower color morphs of Antirrhinum. A hybrid zone
between morphs showed a steep cline specifically at genes controlling flower color differences,
indicating that these loci are under selection. Antirrhinum species with diverse floral phenotypes
formed a U-shaped cloud within the genotypic space. We propose that this cloud defines an
evolutionary path that allows flower color to evolve while circumventing less-adaptive regions.
Hybridization between morphs located in different arms of the U-shaped path yields low-fitness
genotypes, accounting for the observed steep clines at hybrid zones.

prevalent metaphor for describing evo-
Alutionary processes is the adaptive land-

scape, commonly visualized in three
dimensions as an undulating surface of fitness
values over a two-dimensional (2D) space rep-
resenting various genotypes (I, 2). Different
species may be considered to be at separate
peaks on the landscape or to lie along ridges of
high fitness. The notion of peaks is favored by
the incompatible adaptive features of species,
whereas ridges are favored as a way of ac-
counting for underlying adaptive continuity.
More recently, it has been argued that the issue
of peaks versus ridges is an artifact of low-
dimensional visualizations of fitness spaces as
landscapes (3). What seem like separate peaks
in 3D landscapes may be connected by paths in
higher dimensions: the higher the dimension-
ality, the more likely such connections exist.
However, it has proved difficult to demonstrate
these paths in nature because of the challenge
of dealing with higher dimensional genotypic
and phenotypic spaces. We address this issue
by combining molecular, genetic, and compu-
tational approaches to analyze flower color
variation in natural populations and species of
Antirrhinum.

Southern Europe contains 17 to 28 Antirrhi-
num species and subspecies, the number de-
pending on taxonomic criteria (4-7). Although
the species display diverse morphologies and
flower colors, they can be crossed with each
other and with the model species A. majus to
give fertile progeny, reflecting their recent
evolutionary origin (8—/0). In most cases, the
species occupy nonoverlapping geographical
regions, precluding natural hybridization. Hybrid
zones arise where species or morphs come into
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contact, as happens in a region of the Pyrenees for
the yellow-flowered 4. m. striatum and the
magenta-flowered A. m. pseudomajus (Fig. 1A).

Previous studies on nine species from the
Antirrhinum group identified several major loci
involved in natural flower color variation (//—13).
These include the linked ROSEA (ROS) and
ELUTA (EL) loci, affecting the intensity and pat-
tern of magenta anthocyanin pigment, and
SULFUREA (SULF), affecting the distribution
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of yellow aurone pigment. To test whether
these loci were important for color differences
between A. m. striatum and A. m. pseudomajus,
we crossed the two morphs to A. majus lines of
known genotype (Fig. 2A). The Fls derived
from the magenta morph were all magenta. By
contrast, the yellow morph failed to comple-
ment mutations in ROS and SULF' (Fig. 2A).
The yellow morph also gave progeny with
reduced magenta pigmentation when crossed to
wild type, with a pattern similar to that con-
ferred by the dominant EL allele. Like EL, the
dominant allele from the yellow morph was
tightly linked to ROS (/4) (two recombinants
were recovered out of 1300 test-cross progeny).
Thus, A. m. pseudomajus is likely ROS el/ROS
el; SULFISULF, whereas A. m. striatum is ros
EL/ros EL; sulflsulf.

To assess further the contribution of ROS
EL and SULF alleles to flower color differ-
ences, we intercrossed the two morphs. F2 in-
dividuals had a range of flower colors that were
scored for magenta and yellow on the basis of
overall visual appearance (Fig. 2B). The dis-
tributions for color were consistent, with a
single segregating locus of major effect con-
trolling each component of flower color (Fig.
2C). Individuals with a high yellow score were

o
N
o

Haplotype frequency
= <
o

.
20

Fig. 1. Populations, phenotypes, and allele frequencies. (A) Location of the studied hybrid zone
(orange line), other hybrid zones (orange circles), and sampled A. m. pseudomajus (magenta) and
A. m. striatum (yellow) populations. Genetically studied populations are starred. (B) Clines in magenta
and yellow color scores in subpopulations along a transect through the hybrid zone. (C) Frequencies of
ROS1 (magenta squares) and PAL (blue circles) haplogroups and a 6—base pair polymorphism at DICH
(green triangles) in subpopulations along the hybrid zone transect. For ROS1, all markers were
collapsed to a two-allele system.
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sulflsulf, whereas those with a low yellow score
were either SULF/SULF or SULF/sulf, indicat-
ing that SULF genotype was the major de-
terminant of variation in yellow. Individuals
with a low magenta score were ros EL/ros EL,
those with an intermediate score were ROS
ellros EL, and those with a high magenta score
were ROS el/ROS el. Therefore, variation in
magenta was largely accounted for by the ROS
EL loci. These results allowed us to create an
appropriate genotypic space for the F2. Digital
images of representative flowers of four geno-
types were warped to the same average flower
shape. Principal component analysis on varia-
tion in pixel color at each position in the flower
then allowed us to define a 3D genotypic space
controlling flower color (/5-17) (Fig. 2D).

The role of flower color variation in natural
populations was assessed by analyzing a hybrid
zone between 4. m. pseudomajus and A. m.
striatum. Scoring 493 plants across the hybrid
zone revealed a steep cline for flower color
(Fig. 1B). Allelism tests on 14 plants from the
contact zone with a range of phenotypes con-
firmed that flower color was largely determined
by ROS, EL, and SULF genotypes. For ROS,
more extensive genotyping could be carried out
by using molecular markers. The ROS locus
comprises a tandem duplication of two MYB-
related transcription factors, ROS1 and ROS2,
with ROS1 having a greater role in flower color
variation (/3). We sequenced a 1.2-kb region of
ROSI, from the promoter to the start of the
second exon. Sequences from 13 yellow and 15
magenta morphs from locations distant from the
contact zone showed that ROS! alleles fell into
three major groups (haplogroups) (Fig. 3A).
One haplogroup was specific to yellow morphs
and was identical to the ros9 allele of A.
majus, hypothesized to have been derived from
the wild (/3). The other two haplogroups were
found only in magenta morphs. ROSI sequences
were used to design primers that allowed
haplogroups to be distinguished by polymerase
chain reaction. Genotyping 528 plants from the
hybrid zone showed that the cline in ROSI
haplogroup frequency coincided with magenta
flower color (Fig. 1C).

Assuming that the hybrid zone arose from
contact between previously separate yellow and
magenta populations, the observed clines in
flower color and genotype might have two ex-
planations (78, 19). One is that A. m. striatum
and 4. m. pseudomajus came into recent contact
and the clines reflect a neutral mixing of alleles
between the populations. Alternatively, there
has been a longer history of contact, and clines
reflect selection maintaining morph differ-
ences. To evaluate these possibilities, we ana-
lyzed molecular variation at loci not involved in
magenta and yellow morph differences. Accord-
ing to the neutral model, these loci should have a
cline similar to that of ROSI. The PALLIDA
(PAL) and DICHOTOMA (DICH) loci were
chosen because they are linked to ROS [16

centimorgan (cM) and 9 cM from ROS, respec-
tively], and sequences are available for primer
design (20, 21). Alleles were sequenced from 18
individuals on either side of the hybrid zone.
Most PAL alleles fell into two major hap-
logroups (Fig. 3B). DICH alleles showed little

haplogroup structure, although several DNA
polymorphisms were detected. We genotyped
496 plants across the hybrid zone for the two
PAL haplogroups and a polymorphism at
DICH. No cline was observed for PAL or
DICH, indicating that these genes were subject

A.m. pseudomajus

Fig. 2. Phenotypes and complementation tests. (A) F1 flowers from crosses between A. m.
pseudomajus and A. m. striatum (top row) and cultivated A. majus genotypes (left column). A. majus
homozygous lines are wild type (ROS el; SULF), roseadersea (rosdr el; SULF), and sulfurea incolorata
(ROS el; sulf: inc). (B) Numerical scoring system for ranking magenta and yellow flower color. (C)
Frequency of magenta (left) and yellow (right) scores in an F2 population from A. m. striatum x
A. m. pseudomajus. (D) Genotypic space capturing flower color variation with three principal
components (PCs). The four genotypes used for PC analysis were ROS el/ROS el; SULF/—, ros ELIros
EL; sulfisulf, ROS ellros EL; SULF/-, and ros EL/ros EL; SULF/- (dash indicates unknown allele).
Positions for 174 F2 and 110 F3 plants are shown as white points.

Fig. 3. Molecular varia- A
tion at ROS1 and PAL.
Sequences for A. m. stri-

atum (yellow) and A. m.
pseudomajus (magenta)

from individuals collected
outside the contact zone.
Phylogenies and boot-

strap values were gener-

ated by using maximum
parsimony analysis, with

A. latifolium (blue) as the &
outgroup. (A) ROSI mo-
lecular phylogeny. Yellow
morphs contained one
haplogroup (ROS1-Y),
whereas magenta morphs contained a mixture of two haplogroups (ROSI-Ma and ROSI-Mb). (B) PAL
molecular phylogeny. Most sequences belong to one of two haplogroups (PAL-A and PAL-B), but there is no
clear association between haplogroup and flower color.
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to different evolutionary factors than ROSI
(Fig. 1C). This was also supported by genotyping
16 A. m. striatum and A. m. pseudomajus
populations distant from the hybrid zone (Fig.
1A and table S1). In all cases, the ROSI
haplogroup correlated with flower color, where-
as PAL and DICH loci showed no such asso-
ciation.

The simplest interpretation of these results is
that spatial variation in PAL and DICH allele
frequencies reflects historical gene flow be-
tween populations, whereas the ROS! cline has
been maintained by selection on flower color.
The cline could be maintained, for example, if
intermediate genotypes have lower fitness than
the parental morphs (22). Thus, magenta and
yellow morphs might represent distinct peaks
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on an adaptive landscape, whereas intermediate
forms represent an intervening low fitness val-
ley. However, this raises the problem of how
the low fitness valley was traversed when the
two morphs diverged from a common ancestor.

To address this issue, we mapped the range
of phenotypes exhibited by Antirrhinum species
within the defined genotypic space (Fig. 2D).
This was achieved by photographing several
flowers from each species (Fig. 4A) and warp-
ing the images to the same flower shape (Fig. 4B).
We then determined the position in the geno-
typic space that best approximated the color for
each flower (Fig. 4C). The approximation was
evaluated by warping the resulting image back
to the initial flower shape and comparing it to
the original image (Fig. 4D). Much of the var-

Fig. 4. Antirrhinum species placed in 3D genotypic space. (A) Mean A. tortuosum flower. (B) A.
tortuosum flower warped to mean shape used to generate genotypic space (Fig. 1C). (C) Projection
of (B) into genotypic space. (D) Image obtained when (C) is warped back to the mean A. tortuosum
flower shape. (E) Projection of 19 Antirrhinum species into genotypic space. In each case, flower on the
left shows the mean appearance, whereas flower on the right shows the appearance after projection into
genotypic space [equivalent to (A) and (D) for each species]. (F) Cloud obtained for flowers from 19
species represented in genotypic space. Each point shows the position of a single flower projected into
genotypic space. Examples of flowers from different positions in the genotypic space are illustrated. (G
and H) Two different 2D projections of the cloud, with each species color-coded as in (E).
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iation in flower color was captured within the
3D genotypic space, consistent with previous
studies showing that the ROS, EL, and SULF
loci play important roles in color variation in
the species group as a whole (//—13) (Fig. 4E).

When flowers from 19 species were mapped
into the genotypic space, they collectively formed
a broad U-shaped cloud of points (Fig. 4, F to H).
Flowers from each species formed smaller
clusters within this broader cloud. Magenta
A. m. pseudomajus flowers localized near one
end of the cloud, whereas yellow A. m. striatum
flowers were near the other end. Intermediate
positions within the cloud corresponded to vari-
ous other patterns and intensities of color. How-
ever, certain color combinations were excluded
from the cloud, even though they were observed
in F2 and hybrid zone populations. For example,
orange flowers, having a broad spread of both
yellow and magenta (ROS el/ROS el; sulflsulf’),
were not within the cloud (Fig. 4F). The absence
of this genotype in wild species could be ex-
plained if individuals with orange flowers have
lower fitness, perhaps because they are less at-
tractive to pollinators (23—25). The role of pol-
linators in propagating A. m. pseudomajus and
A. m. striatum 1is likely to be of central impor-
tance because the species are self-incompatible,
seed dispersal is limited (involving gravity or
water runoff), and individuals typically survive
for only 1 to 3 years.

Taken together, our results suggest that ma-
genta and yellow morphs did not evolve through
intermediate genotypes giving orange flowers,
but that instead evolution followed the route
defined by the U-shaped cloud. According to
this view, the cloud represents a region of high
fitness, allowing flower color to evolve without
incurring major fitness costs. However, when
genotypes, such as magenta and yellow morphs,
from distant parts of the cloud meet, they can
generate progeny that lie outside the high fitness
cloud, creating a barrier to exchange of flower
color alleles. This would account for the ob-
served steep cline at loci controlling color dif-
ferences in the hybrid zone. A 2D slice through
the U-shaped cloud, passing perpendicularly
through its two arms, would yield an adaptive
landscape with two separate peaks. The cloud
therefore represents a high fitness path between
what might otherwise seem like distinct peaks,
showing how higher dimensional representations
allow adaptive continuity and incompatibility to
be more easily reconciled (2).
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Plant Genotypic Diversity Predicts
Community Structure and Governs
an Ecosystem Process
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Theory predicts, and recent empirical studies have shown, that the diversity of plant species determines
the diversity of associated herbivores and mediates ecosystem processes, such as aboveground net
primary productivity (ANPP). However, an often-overlooked component of plant diversity, namely
population genotypic diversity, may also have wide-ranging effects on community structure and
ecosystem processes. We showed experimentally that increasing population genotypic diversity in a
dominant old-field plant species, Solidago altissima, determined arthropod diversity and community
structure and increased ANPP. The effects of genotypic diversity on arthropod diversity and ANPP were
comparable to the effects of plant species diversity measured in other studies.

ments (3, 4) have revealed a positive

relationship between the diversity of plant
species and the diversity of associated consum-
ers. At least two mechanisms might explain this
pattern. First, because approximately 90% of
herbivorous insects exhibit some degree of host
specialization (5), as plant species richness in-
creases, so should the number of associated
herbivore species. This resource specialization
hypothesis has some theoretical support (7, 2, 6).
Second, if aboveground net primary productiv-
ity (ANPP) increases as plant species richness
increases (7), then more herbivore individuals,
and therefore more species, will be supported
by increases in available energy (this has been
called the more individuals hypothesis) (8). An
increase in the number of herbivore species by
either of these mechanisms should support
more predator species (9). Recent studies have

Ecological theory (1, 2) and field experi-
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shown that population genotypic diversity, like
plant species diversity, can have extended
consequences for communities and ecosystems
(10-14). However, no studies to date have ex-
plicitly linked intraspecific genotypic diversity,
the structure of associated communities, and
the potential mechanisms driving these pat-
terns, such as energy availability. This paucity
of studies exists despite numerous calls for
such research within the literature regarding
biodiversity-ecosystem function (7, 15). We tested
whether host-plant genotypic diversity deter-
mines the structure of associated arthropod com-
munities and governs an ecosystem process,
ANPP, that influences arthropod species richness.

We manipulated the plot-level genotypic
diversity (the number of genotypes per plot) of
Solidago altissima, tall goldenrod, a common
perennial plant throughout eastern North Amer-
ica. Twenty-one S. alfissima ramets were col-
lected from local S. altissima patches growing
in fields near the study site, and each ramet was
identified as a unique genotype by means of
amplified fragment length polymorphism. From
these 21 genotypes, we established 63 1-m?
experimental plots, each containing 12 individ-

uals and 1, 3, 6, or 12 randomly selected geno-
types, mimicking the densities and levels of
genotypic diversity found in natural patches of
similar size. We censused arthropods on every
ramet in each plot five times over the course of
the growing season. In total, we counted 36,997
individuals of ~136 species. We estimated
ANPP at the peak of the growing season using
nondestructive allometric techniques (/6).

Total cumulative arthropod species richness
increased with plant genotypic diversity. The
number of arthropod species was, on average,
27% greater in 12-genotype plots than in single-
genotype plots (Fig. 1), indicating that plant
genotypic diversity was an important determi-
nant of arthropod diversity. When we examined
the effects of genotypic diversity on community
structure, we found that herbivore species rich-
ness (Fig. 2B) and predator richness (Fig. 2A)
also increased with increasing genotypic diver-
sity. The effects of genotypic diversity on arthro-
pod communities were nonadditive (Fig. 1). That
is, total arthropod richness and herbivore and
predator richness were all greater in the 6- and
12-genotype plots than would be predicted by
summing the number of arthropod species
associated with the corresponding genotypes
grown in monoculture (P < 0.01).

ANPP also increased with plant genotypic
diversity and was 36% greater in 12-genotype
plots than in single-genotype plots (Fig. 2C).
The effect of genotypic diversity on ANPP
could be due to increased niche complementar-
ity (mixed genotypes used available resources
more completely or mixed genotypes facilitated
one another, thereby increasing ANPP in mix-
tures) (7, 15) or to sampling or selection effects
(increased ANPP caused by randomly assem-
bled mixtures having a higher probability of
containing highly productive genotypes) (17).
Using standard techniques (/8) we found that
selection effects were highly variable and were
not significantly different from zero (P > 0.60
for all treatments), indicating that highly pro-
ductive genotypes do not dominate in mixtures
and drive observed increases in ANPP. Selection
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Materials and Methods.

Plant Material: Wild type (JI:7) and sulf inc (JI:57) stocks were from the collection at the John
Innes Centre, Norwich, UK. The INC locus encodes an anthocyanin biosynthetic enzyme(S1).
Seed for ros™ was provided by C. Martin(S2). Samples of leaf material and seed were collected
from wild accessions between 1999 and 2003. Sampling of the hybrid zone site was conducted in
2002. Species nomenclature is according to Rothmaler(S3).

Sequence analysis: Genomic DNA was prepared from leaf tissue with the DNeasy Plant Mini kit
(Qiagen) in accordance with the manufacturer’s instructions. Primers were designed to amplify
by PCR genomic regions of ROS1 (GenBank accession: DQ275529), PAL (GenBank accession:
X15536) and DICH (GenBank accession: AF199465). Primer sequences (5°-3) were as follows:
ROS1  TGTGTCACTTTAGAGTTAC and TCATCTCTCGAAAACCGACC; PAL
TTCGTGCAACTGTTGCTGAT and TCCGATCATTTTCTTGGAGG; DICH
TAGCAAAACCCTTGATTGGC and TATGCTGATCCAAAATGGCA. Thermal cycling
conditions were: 94°C for 2 min; 35 cycles of 94°C for 1 min, 55°C for 2 min, 72°C for 2 min;
final extension at 94°C for 7 min. PCR products were purified from agarose gels using the
QiaQuick gel extraction kit (Qiagen) and cloned into the pGEM-T Easy vector (Promega). Bi-
directional sequencing of plasmid DNA using BigDye version 3.0 (Applied Biosystems) with
primers flanking the multiple cloning site was performed on a single clone from each individual
(unless PCR products of different sizes were detected, in which case one clone from each band
was sequenced). An internal sequencing primer (5°-3’) AAATGAAATGAAAGGACAGAT was
also used to obtain complete sequence for the 1.0-1.2kb ROS1 PCR product. Sequence alignments
were generated using ClustalW(S4) and adjusted manually, where required (see detailed
alignments below). Phylogenetic analysis by maximum parsimony (Dnapars) was performed with
PHYLIP version 3.65(S5). Gaps were incorporated in the analysis as a fifth character state, with
indels of contiguous bases coded as a single event. Sequence input order was jumbled 5 times for
each analysis. Bootstrap support was generated from 100 replicates.

Genotyping assays: Multiplex PCR assays were developed for genotyping at the ROS1, PAL and
DICH loci using the Qiagen Multiplex PCR kit. Haplogroup-specific primers were used in
combination with a common primer to generate products of different sizes that could be resolved
on 1.5% agarose gels. Primer sequences are shown in Table S2. PCR reactions were carried out in
a 10ul total volume containing Spul 2x Qiagen master mix, 0.2uM each primer and ~80ng
genomic DNA. Thermal cycling conditions were: 95°C for 15 minutes; 30 cycles of 94°C for 30
seconds, 57°C for 1 minute 30 seconds and 72°C extension for 1 minute 30 seconds; a final
extension step of 72°C for 10 minutes.

Phenotype and allele frequencies analysis in the hybrid zone: The geographic distance used in
the hybrid zone transect is the longitudinal distance from the westernmost subpopulation after
projection on a line defined by the linear regression of the UTM-coordinates of each sub-
population. The mean values of color scores (usually 9 to 15 plants per sub-population) were
normalized from 0 to 1. Magenta scores were confirmed by measuring anthocyanin content
spectroscopically in flowers from F2 populations between the two morphs. Differences in
magenta color score were strongly associated with variation in anthocyanin content (F; s49=3023,
P<0.0001; adj. R*=0.85). We fitted a sigmoid cline to transect data using a tanh model (yellow:

f (X): (1 + tanh[Z(C - X)/W ])/2, magenta and ROS1: f (X) = (1+ tanh[2(x - C)/W ])/2 ,

where x and f(x) are variables corresponding to a location along the transect and sub-population
means of the character, respectively, while C and W stands for the position of the cline center and



width, respectively. Curves were fitted with a least-mean-square routine in MATLAB. The fitting
results with the 95% confidence boundaries were: yellow color score: centre (C) = 12.56 + 0.10
km, width (W) = 1.20 + 0.38 km (adj. R* = 0.8891); magenta color score: centre = 12.70 + 0.05
km, width = 0.44 + 0.18 km (adj. R* = 0.9115); ROS1 allele frequency: centre = 12.66 + 0.04 km,
width = 0.52 + 0.12 km (adj. R* =0.9719)(S6). To assess concordance between ROS1 frequency
and magenta color clines, we regressed subpopulation mean score for magenta color on ROS1
allele frequencies(S7). This regression showed a very strong linear relationship (P<0.0001; adj.
R?=0.9647). Quadratic term was non-significant (P>0.05) and cubic term marginally significant
(P=0.016) but explaining only 0.4% more variation than the linear model (adj. R’=0.9683),
leading us to conclude that ROS1 and magenta color clines were highly concordant.

Image analysis: Front photographs of flowers were taken in comparable light conditions with a
Kodak Prol4N camera resulting in standard RGB color space images. A flower point model
template was created in MATLAB, using the ‘Point Model Editor’ in the ‘AAM Toolbox’
package, available on request and from:

http://www.cmp.uea.ac.uk/Research/cbg/downloads.htm.

The 93 points of this template captured the overall flower shape. On the basis of these template
landmarks, corresponding points were placed on the different populations and species flowers.
This allowed us to calculate a mean flower shape from 4 genotypes in the F2 and to warp the
corresponding images to this identical shape, encapsulating about 100,000 pixels. A statistical
model of appearance was built using PCA from the RGB values of the 4 warped images(S8)
(‘Stats Model Gen.” in the ‘AAM Toolbox’). The three resulting axes capture the variation
controlled by ROS, EL and SULF, and define a genotypic color space for flowers. To compare
color intensity and pattern between the Antirrhinum flowers, we warped every image to the mean
F2 shape and projected the warped flower color onto the genotypic space. For Fig.4E, 3-9 flowers
were used to generate means for each species.

To create an outer surface enclosing the points in the species cloud Q, we created a 3D grid which
we call @. For each point p in @ we calculate the mean distance o to the 2 nearest points in Q.
We then create a scalar field by assigning a value to every point p that is inversely proportional to
its 5. We display an isosurface for this field to generate a 2D surface embedded in 3D space that
encloses points in Q. To help visualise the geometry of the generated surface, a light source was
placed in the 3D space to simulate highlights and shadows.



Figure S1: ROS sequence alignment
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TGTGTCACTTTAGAGTTACTTT®ATAATATATTTTTEEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARATEAAGC
TGTGTCACTTTAGAGTTACTTT®ATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARTEAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAAATEAAGC
TGTGTCACTTTAGAGTTACTTTEQTAATATATTTTTTAATATCTATGTCTTAAGGTATAAGTACTCGTATGATGATTTATTATTTTTGAAATAAATTAAAATTAAGC
TGTGTCACTTTAGAGTTACTTT®ATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARTEAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARTEAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARTEAAGC

TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARTEAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTTAATATCTATGTCTTAAGGTATAAGTACTCGTATGATGATTTATTATTTTTGAAATAAATTAAAETHAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAAATEAAGC

TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARATIEAAGC]
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGTACTCGTATGATGATTTATTATTTTTGAAATAAATTAAAATTAAGC
TGTGTCACTTTAGAGTTACTTTEGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARATIEAAGC]
TGTGTCACTTTAGAGTTACTTTEGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARATIEAAGC]

TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARATEAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTTAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAAATTAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARATEAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARTEAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARATEAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTHEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARATEAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARATEAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARTEAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAARTEAAGC
TGTGTCACTTTAGAGTTACTTTGATAATATATTTTTEAATATCTATGTCTTAAGGTATAAGEACTCGTATGATGATTTATTATTTTTGAAATAAATTAAAATEAAGC
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* 120 * 140 * 160 * 180 * 200 *

HTATGATGIATGTTATCATTAATAATCCAAGCTAACGA
—TETGATGTATGTTATCATTAATAATGGAAGCTAACG‘
HTATGATGIATGTTATCATTAATAATCCAAGCTAACGA
—TETGATGTATGTTATCATTAATAATGGAAGCTAACG‘
HTATGATGIATGTTATCATTAATAATCCAAGCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCYTATGATGEATGTTATCATTAATAATCCAAGCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCOTATGATGEATGTTATCATTAATAATCCAAGCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCETATGATGEATGTTATCATTAATARATCGCAAGCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCETATGATGEATGTTATCATTAATAATCGCAAGCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCOTATGATGEATGTTATCATTAATAATCCAAGCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCOTATGATGEATGTTATCATTAATAATCCAACCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCOTATGATGEATGTTATCATTAATAATCCAACCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCETATGATGEATGTTATCATTAATARATCGCAAGCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCOTATGATGEATGTTATCATTAATAATCCAAGCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCOTATGATGEATGTTATCATTAATAATCCAAGCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCOTATGATGEATGTTATCATTAATAATCCAACCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCETATGATGEATGTTATCATTAATARATCGCAAGCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCOTATGATGEATGTTATCATTAATAATCCAAGCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGETTAATTTCACCCATAACTTAATTCCEGGCTCCACCCOTATGATGEATGTTATCATTAATAATCCAAGCTAACGA
ATTAATATEGTATTTATAATTAAAAAACCCTGITTAATTTCACCCATAACTTAATTCCEGGCTCCACCCOTATGATGEATGTTATCATTAATAATCGCAAGCTAACEA
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220 * 240 *
TAAACCTATAARATTAAATTAATCAAARN
TAAACCTATAARATTAAATTAATC"‘T
TAAACCTATAARATTAAATTAATC"‘T
TAAACCTATAA“ATTAAATTAATC‘“T AAATGAAATGAAAGGACA!
TAAACCTATAA&ATTAAATTAATC"‘T AAATGAAATGAAAGGACA
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|
TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACA|

260

AAATGAAATGAAAGGACA
AAATGAAATGAAAGGACA
AAATGAAATGAAAGGACA

* 280 * 300 * 320

____________ AGATTAAGGARTATAAMAGTTAAATATGTEATCAATATTAAATTCT
____________ ABGATTAAGGATTATAAMAGTTAAATATGTEATCAATATTAAATTCT
____________ ABRGATTAAGGATTATAAMAGTTAAATATGTEATCAATATTAAATTCT
____________ AGATTAAGGAETATAAMAGTTAAATATGTEATCAATATTAAATTCT
____________ ATGATTAAGGAETATAANAGT TAAATATCTEATCAATATTAAATTCT]
____________ AGATTAAGGARTATAAGAGTTAAATATGTAATCAATATTAAATTCT
____________ A[@GATTAAGGARTATAAGAGTTAAATATGTAATCAATATTAAATTCT
____________ AIGATTAAGGAETATAAGAGTTAAATATGTAATCAATATTAAATTCT
____________ AGATTAAGGARTATAAGAGTTAAATATGTAATCAATATTAAATTCT
____________ AMGATTAAGGARTATAAGAGTTAAATATGTAATCAATATTAAATTCT
____________ ARGATTAAGGARTATAAGAGTTAAATATGTAATCAATATTAAATTCT
____________ ARGATTAAGGARTATAAGAGTTAAATATGTAATCAATATTAAATTCT
____________ AGATTAAGGARTATAAGAGTTAAATATGTAATCAATATTAAATTCT
____________ AMGATTAAGGARTATAAGAGTTAAATATGTAATCAATATTAAATTCT
____________ AMGATTAAGGARTATAAGAGTTAAATATGTAATCAATATTAAATTCT
NNEY NV VSRV A TCATTAAGGAR TATAAGAGTTAAATATGTAATCAATATTAAATTCT]
TGATTAAGGARTATAAGAGTTAAATATGTAATCAATATTAAATTCT]
TGATTAAGGANTATAAGAGTTAAATATGTAATCAATATTAAATTCT]
NNEI NNV VNRYNOATCATTAAGGAT TATAAGAGTTAAATATGTAATCAATATTAAATTCT
NEI NNV VNRVNO A TCATTAAGGAT TATAAGAGTTAAATATGTAATCAATATTAAATTCT
ST NV VNRVNO A TCATTAAGGAT TATAAGAGTTAAATATGTAATCAATATTAAATTCT
TGATTAAGGARNTATAAGAGTTAAATATGTAATCAATATTAAATTCT]

AUNE NV VNNV TCATTAAGGAT TATAAGAGTTAAATATGTAATCAATATTAAATTCT]
NGO NV VANYVNGATCGATTAAGGAT TATAAGAGTTAAATATGTAATCAATATTAAATTCT]
NG NNV NNYVNSATCGATTAAGGAT TATAAGAGTTAAATATGTAATCAATATTAAATTCT]
UNE NV VNRVNGA TCATTAAGGATTATAAGAGTTAAATATGTAATCAATATTAAATTCT]

TAAACCTATAACATTAAATTAATCAAAATAAATGAAATGAAAGGACAIVNNEI NNV VNRVNSATCGATTAAGGATTATAAGAGTTAAATATGTAATCAATATTAAATTCT]
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AACATTTAACAGCCATAACACCTTHEC®ACCTACTGTATCTRGGAAATATCTGCTT@®A AGGGGG----=---===-====—=—=—-—-———-—-~————~—-
A‘CATTTAAC‘CCCATAACACCTTTCCC‘CCTACTGTATCTRGGAAATATCTGCTTC‘TG
AACATTTAAC‘CCCATAACACCTTTCCC‘CCTACTGTATCTRGGAAATATCTGCTTC‘TG AGGGGG---=-=---===-====——==—————-~—~————-—-

@CCATAACACCTTECE CCTACTGTATCT@GGAAATATCTGCTTC GAGC C A A ALY Y € €€ R

AACATTTAACATCCATAACACCTTICINACCTACTGTATCTEGGAAATATCTGCTTEATGAGAGCCAAAGCEGTEINGNECiyvNe e pNe e ciieivNee/eiNeclec/eruny
AACATTTAACATCCATAACACCTTINCINACCTACTGTATCTEGGAAATATCTGCTTEATGAGAGCCAAAGCCET NG NeciyvNeNevNeceiieiviee/siyeeleeeruny
AACATTTAACATCCATAACACCTTINCINACCTACTGTATCTEGGAAATATCTGCTTEATGAGAGCCAAAGCCE TN NECiyv:uyNeivNececiieiviee/siyeeleeervuny
AACATTTAACATCCATAACACCT T CHY CCTACTGTATCTTGGAAATGTCTGCTTTATGAGAGCCAAAGGGGTGACAGGTTACAGTAGGGTGTTCGCTGGCGGATT
AACATTTAACATCCATAACACCTTICINACCTACTGTATCTEGGAAATATCTGCTTEATGAGAGCCAAAGCECTEINGNECiNvNvNepNe e ciNeivNee/eiNeclec/eruny
AACATTTAACATCCATAACACCTTICINACCTACTGTATCTEGGAAATATCTGCTTEATGAGAGCCAAAGCEGTEINGNECiNv:NvNeapNe e ciNeiyNee/eiNecleceruny
AACATTTAACATCCATAACACCT IHECIKACCTACTGTAT CTEGGAAA TA T CTGC T T A TGAGAGCCAA A GGG G T
A‘CATTTAACATCCATAACACCTTTCCNACCTACTGTATCTTGGAAATATCTGCTTTATGAGAGCCAAAGGGGT
A‘CATTTAACATCCATAACACCTTCCC‘ACCTACTGTATCTTGGAEATATCTGCTTTATGAGAGCCAAAGGGGT
AACATTTAACATICCATAACACCTTIHECIACCTACTGTATCTEGGAAATATCTGCTTEATGAGAGCCAAAGGGGT)
AACATTTAACATCCATAACACCTTTCCEACCTACTGTATCTTGGAAATATCTGCTTTATGAGAGCCAAAGGGGT —————————————————————————————————
AACATTTAACATCCATAACACCT IIHECKACCTACTGT AT CTEGGAAA T A TCTGC T T A TGAGAGCCAA A GGG G T R
AACATTTAACATCCATAACACCTTIHOCIAACCTACTGTATCTEHGGAAATATCTGCTTEATGAGAGCCAAAGGCCET
AACATTTAACAICCATAACACCTTIHECIMACCTACTGTATCTEGGAAATATCTGCTTEATGAGAGCCAAAGGGGT)
AACATTTAACATCCATAACACCT IHECIHACCTACTGTAT CTEGGAAATA T CTGC T T A TGAGAGCCAA A GGG G T
AACATTTAACATCCATAACACCTTTCCEACCTACTGTATCTTGGAAATATCTGCTTTATG@GAGCCAAAGGGGT —————————————————————————————————
AACATTTAACATCCATAACACCT T e CIACCTACTGTAT CTHGGARA TA T CTGCT T ATGAGAGCCAA A GGG G T
AACATTTAACATICCATAACACCTTIHECIMACCTACTGTATCTEGGAAATATCTGCTTEATGAGAGCCAAAGGGGT)
A‘CATTTAACATCCATAACACCTTTCCRACCTACTGTATCTTGGAAATATCTGCTTTATGAGAGCCAAAGGGGT
AACATTTAACATCCATAACACCTTTCC“‘CCTACTGTATCTTGGAAATATCTGCTTTATGAGAGCCAAAGGGGT
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TGGGCGGGTTGTCGTTAAAAATATGACTATACTCAAACTTTGCGGGTTACCAATTTTTCAACCCGAGTTAAAAACTAAACCATGCGGGTTGCGGGTTGGGCGAGTCG
TGGGCGGGTTGTCGTTAAAAATATGACCATACTCAAACTTTGCGGGTTACCAATTTTTCAACCCGAGTTAAAAACTAAACCATGCGGGTTGCGGGTTGGGCGAGTCG
TGGGCGGGTTGTCGTTAAAAATATGACCATACTCAAATTTTGCGGGTTACCAATTTTTCAACCCGAGTTAAAAGCTAAACCATGCGGGTTGCGGGTTGGGCGAGTCG
TGGGCGGGTTGTCGTTAAAAATATGACCATACTCAAATTTTGCGGGTTACCAATTTTTCAACCCGAGTTAAAAGCTAAACCATGCGGGTTGCGGGTTGGGCGAGTCG
TGGGCGGGTTGTCGTTAAAAATATGACCATACTCAAATTTTGCGGGTTACCAATTTTTCAACCCGAGTTAAAAGCTAAACCATGCGGGTTGCAGGTTGGGCGAGTCG
TGGGCGGGTTGTCGTTAAAAATATGACCATATTCAAATTTTGCGGGTTACCAATTTTTCAACCCGAGTTAAAAGCTAAACCATGCGGGTTGCGGGTTGGGCGAGTCG
TGGGCGGGTTGTCGTTAAAAATATGACCATACTCAAATTTTGCGGGTTACCAATTTTTCAACCCGAGTTAAAAGCTAAACCATGCGGGTTGCGGGTTGGGCGAGTCG
TGGGCGGGTTGTCGTTAAAAATATGACCATATTCAAATTTTGCGGGTTACCAATTTTTCAACCCGAGTTAAAAGCTAAACCATGCGGGTTGCGGGTTGGGCGAGTCG
TGGGCGGGTTGTCGTTAAAAATATGACCATACTCAAATTTTGCGGGTTACCAATTTTTCAACCCGAGTTAAAAGCTAAACCATGCGGGTTGCGGGTTGGGCGAGTCG
TGGGCGGGTTGTCGTTAAAAATATGACCATACTCAAATTTTGCGGGTTACCAATTTTTCAACCCGAGTTAAAAGCTAAACCATGCGGGTTGCGGGTTGGGCGAGTCG
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540 * 560 * 580 * 600 * 620 * 640

————————————————————————————————————————————— UK)NTIOMNA CCCATAAAAASGCCIATIEAAASCCCTCEAANTTT CGCT@AAGGCGTACT CART A NEEVEY]
————————————————————————————————————————————— e TIenACCCATAAAAARCCCEATIA L AR CCaTCA A T TTCacTRARCCCeTACTC AR TA T
————————————————————————————————————————————— RS TIeACCCATAAAAARGCCEATIA A AR CCCTCRA @AAGGGGTACTC ;439
————————————————————————————————————————————— RSN TeiACCCATAAAAARGCCRATIMA 2 Al CCa oA AT TTCacTliARGGaaTACTC AN T T
--------------------------------------------- S TeIAGCCATAAAAABGCCEATIMA 7 Al CCa oA AT TTCaCTliAR GGG TACTC AN T Y
clehunivelXelelcleivaelelcleele)NiaelelclelelclciveNie) VX0 NeloleleiwNele'C TACA GCCATAAAAABCCCHATEIAAASCCCTGAAAGT TTCGCT®AAGGCGTACT CATTA NN
cleihuivelNelclelehfaelelcleele)NaelelclaelcciveNe)VXo) NelolalehwNele'C TACA GCCATAAAAABGCCHATIIAAAGCCCTGAAABTTTCGCT®AAGGCGTACT CATTA 630
[clehhunivelXelclelchvaurelclaelelNnaelerNelelclcive Ne) Y Xo XelolalehvNeleC TACA GCCATAAAAABGCCHATIIAAACCGTGAAAGT TTCGCT®AAGGGGTACTCATTA 629
elelunivelNele)-Xehjaurelcleele) NvalelelNeleleleiveNie) VX0 NelolelehwNele'C TACA GCCATAAAAABCCCHATIIAAASCCCTGAAAGT TTCGCT®@AAGGCGTACTCATTA 629
clehunivelNelelelchvaurelcleele)NiaelelNeleleleiveNie) VX0 NelolelehwNele'C TACA GCCATAAAAABCCCIATIIAAASCCCTGAAAGT TTCGCT®AAGGCGTACTCATTA 629
clehunivelXelelelehvaurelcleele)NvaelelNeleleleiveNie) VX0 NelolelehwNele'C TACA GCCATAAAAABCCCHATIIAAASCCCTGAAAGT TTCGCT®AAGGCGTACTCATTA 629
GGTTTTGATGGGTTTGGCGGATCGAACGGGTCATGAACACCCCTAGG NNl NV V-V.VV-\c elelel Ny A1V - Clalelehne) - 1N\ c imnalelouy Cr-VNelelelehy Nehy e\ iy 627
elehunivelNelelelehyaurelclelele)NvaelelNeleleleiveNie) VX0 NelolelehwNele'C TACA GCCATAAAAABCCCHATEIAAASCCCTGAAABT TTCGCT®AAGGCGTACT CATTA 629
elehuniivelNelelelehyeureleclelele)Nvalel.V-XeleleleiveNe) VX0 NelolelehwNele'C TACA GCCATAAAAABCCCHATHIIAAASCCCTGAAAGT TTCGCT®@AAGGCGTACT CATTA 628
clehunivelXelelelehvaurelclelele)NvaelV-XelelcleiveNke) VX0 NelolalehwNele'C TACA GCCATAAAAABGCCHATIIAAAGSCCCTGAAAGT TTCGCT®AAGGCGTACTCATTA 628
——————————————————————————————————————————————— CTACAGCCATAAAAAGGCCHATETAAMNCCGTGAAAGTTTCGCTIAAGGGGTACTCANTA 455
——————————————————————————————————————————————— CTACAGCCATAAAAAGGCCHATETAAMNCCCGTGAAAGTTTCGCTIAAGGGGTACTCARTA 455
——————————————————————————————————————————————— CTACAGCCATAAAAAGGCCHATETAAMNCCCTGAAAGTTTCGCTIAAGCGGTACTCARTA 455
——————————————————————————————————————————————— CTACAGCCATAAAAAGGCCHATETAAMNCCGTGAAAGTTTCGCTIAAGCGGTACTCANTA 455
——————————————————————————————————————————————— CTACACGCCATAAAAAGGCCHATETAAMNCCGTGAAAGTTTCGCTIAAGCGGTACTCANTA 455
——————————————————————————————————————————————— CTACAGCCATAAAAAGGCCRATETAAMNCCCGTGAAAGTTTCGCTIAAGGGGTACT CATA 455
——————————————————————————————————————————————— CTACAGCCATAAAAAGGCCHEATITAAMNCCCTCGAAAGTTTCGCTIAAGCGGTACTCARTA 455
----------------------------------------------- CTACACCCATAAAAAGGCCHATITAAMNCCCTGAAAGTTTCGCTIAAGCGGTACTCARTA 455
——————————————————————————————————————————————— CTACAGCCATAAAAAGGCCHATETAAMNCCGTGAAAGTTTCGCTIAAGCGGTACTCANTA 455
——————————————————————————————————————————————— CTACAGCCATAAAAAGGCCHATETAAMNCCCGTGAAAGTTTCGCTIAAGGGGTACTCANTA 455
——————————————————————————————————————————————— CTACAGCCATAAAAAGGCCHATITAAMNCCCTGAAAGTTTCGCTIAAGCGGTACTCARTA 455
----------------------------------------------- CTACACGCCATAAAAAGGCCHATETAAMNCCCTGAAAGTTTCGCTIAAGCGGTACTCARTA 455
——————————————————————————————————————————————— CTACAGCCATAAAAAGGCCHATETAAMNCCGTGAAAGTTTCGCTIAAGCGGTACTCANTA 455
——————————————————————————————— (ehw-XeXeleler V-V NNV TACA CCCATAAAAAGGCCHATITAAMNC CGTCGAAAGT TTCGCTIAAGGGGTACT CATA 471
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* 660 * 680 * 700 * 720 * 740
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGABACTTTTINACGAACGGGCATAGTACGTATTAAACGCI@ATGGAAAAGAATTGTCGTGGAGTGAGAR
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGABACTTTTINACGAACGGGCATAGTACGTATTAAACGCI®ATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGABACTTTTINACGAACGGGCATAGTACGTATTAAACGCI®ATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGANNACTTTTINACGAACGGGCATAGTACGTATTAAACGCI®ATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGANBACTTTTINACGAACGGGCATAGTACGTATTAAACGCI®ATGGAAAAGAATTGTCGTGGAGTGAGAR
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAR
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAR
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAR
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAR
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGCGAGTGAGAR
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAR
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAR
‘GGGAAAGAGCAGETAGACATGTGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAG"
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAR
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAR
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAA
AGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGAA

AAAAAAGGGAAAGAGCAGETAGACATGEGTTTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATGGAAAAGAATTGTCGTGGAGTGAGARA

546
546
546
546
546
737
737
736
736
736
736
734
736
735
735
562
562
562
562
562
562
562
562
562
562
562
562
562
578
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AAGGTACTTGGACEAAAGAAGAAGACACTCHECTTGAGGCAATETATAGAAINARTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
A‘GGTACTTGGAC@AAAGAAGAAGACACTCTCTTGAGGCAATGTATAGAA‘A‘TATGGTGAAGGGAAATGGCATCAAC-}TTCCACACAGAGCAGGTACTTCGCTC‘
A‘GGTACTTGGACCAAAGAAGAAGACACTCTCTTGAGGCAATGTATAGAA*ARTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTC‘
AAGGTACTTGGACEAAAGAAGAAGACACTCTCTTGAGGCAATGTATAGAAﬂAmTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACECAAAGAAGAAGACACTCHECTTGAGGCAATEGTATAGAAINARTATGGTGAAGGCGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA

AAGGTACTTGGACCAAAGAAGAAGACACTCECTTGAGGCAATGTATAG, GTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACCAAAGAAGAAGACACTCECTTGAGGCAATEGTATAG. GTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACCAAAGAAGAAGACACTCECTTGAGGCAATETATAG. GTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACECAAAGAAGAAGACACTCHECTTGAGGCAATETATAG GTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACEAAAGAAGAAGACACTCECTTGAGGCAATGTATAG, GTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACCAAAGAAGAAGACACTCECTTGAGGCAATEGTATAG. GTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACCAAAGAAGAAGACACTCECTTGAGGCAATEGTATAG. GTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACECAAAGAAGAAGACACTCHECTTGAGGCAATETATAG GTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACCAAAGAAGAAGACACTCECTTGAGGCAATGTATAG, GTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACCAAAGAAGAAGACACTCECTTGAGGCAATGTATAG, GTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA

AAGGTACTTGGACCAAAGAAGAAGACACTCECTTGAGGCAATEGTATAGAAINAGTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
A‘GGTACTTGGACCAAAGAAGAAGACACTCTCTTGAGGCAATGTATAGAAmAGTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTC‘
A‘GGTACTTGGACCAAAGAAGAAGACACTCTCTTGAGGCAATETATAGAARAGTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTC‘
AAGGTACTTGGACCAAAGAAGAAGACACTCECTTGAGGCAATEGTATAGAAIMAGTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACCAAAGAAGAAGACACTCECTTGAGGCAATGTATAGAARAGTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACCAAAGAAGAAGACACTCECTTGAGGCAATEGTATAGAAIMAGTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACECAAAGAAGAAGACACTCHECTTGAGGCAATETATAGAAINAGTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
A‘GGTACTTGGACC‘,'AAAGAAGAAGAC’ACTCTC‘TTGAGGC‘AATGTATAGAARAGTATGGTGAAGGGAAATGGC‘ATCAAGTTCCLACACLAGAGC‘AGGTACTTC‘GC‘TC‘‘
A‘GGTACTTGGACCAAAGAAGAAGACACTCTCTTGAGGCAATGTATAGAARAGTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTC‘
AAGGTACTTGGACCAAAGAAGAAGACACTCTCTTGAGGCAATGTATAGAAﬂAGTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
AAGGTACTTGGACECAAAGAAGAAGACACTCHECTTGAGGCAATETATAGAAINAGTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
A‘GGTACTTGGACC‘,'AAAGAAGAAGAC’ACTCTC‘TTGAGGC‘AATGTATAGAARAGTATGGTGAAGGGAAATGGC‘ATCAAGTTCCLACACLAGAGC‘AGGTACTTC‘GC‘TC‘‘
A‘GGTACTTGGACCAAAGAAGAAGACACTCTCTTGAGGCAATGTATAGAARAGTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTC‘
AAGGTACTTGGACCAAAGAAGAAGACACTCTCTTGAGGCAATGTATAGAAﬂAGTATGGTGAAGGGAAATGGCATCAAGTTCCACACAGAGCAGGTACTTCGCTCA
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TAATCTTATARNCTATTGATGAATATINTI@GTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAANGAGAAAAACTINAATATTTETTGEC
TAATCTTATARCTATTGATGAATATRTCGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCT"TGAGAAAAACTT"TATTTGTTGGC
TAATCTTATARCTATTGATGAATATRTCGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCT"TGAGAAAAACTT"TATTTGTTGGC
TAATCTTATARCTATTGATGAATATRTCGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCT"TGAGAAAAACTT"TATTTGTTGGC
TAATCTTATAECTATTGATGAATATETCGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCT"TGAGAAAAACTT"TATTTGTTGGC
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC
TAATCTTATAGCTATTGATGAATATGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC]
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC]
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTRETTGAC
TAATCTTATAGCTATTGATGAATATGTAGTACAAAATATATTGAGCAACATTTGTAECTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTTTTGAC
TAATCTTATAGCTATTGATGAATATGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC]
TAATCTTATAGCTATTGATGAATATGTAGTACAAAATATATTGAGCAACATTTGTAECTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTTTTGAC
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC
TAATCTTATAGCTATTGATGAATATGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC]
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC
TAATCTTATAGCTATTGATGAATATGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC]
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC]
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC
TAATCTTATAGCTATTGATGAATATGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC]
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC]
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC
TAATCTTATAGCTATTGATGAATATGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC]
TAATCTTATAGCTATTGATGAATATEGTAGTACAAAATATATTGAGCAACATTTGTAACTAATTAAGATTTAGGCTAGTCTAACGAGAAAAACTAAATATTTETTGAC]
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ANTTITCGTTGGEAATACCGTACGTCAATGTTGCTCANMT TTTTECGTTGATTTGTTATTTCGGAGINT T T TENMNTAATTAT TAGGGGTTTGAT TAINT T T I
ANNTTTTCGTTGGEAATACCGTACGTCAATGTTGCTCANT TTTTHCGTTGATTTGTTATTTCGGAGINT T T TENMNTAATTATTAGGGGTTTGAT TAINT T T .sIw)
ARNTTTTCGTTGGEAATACCGTACGTCAATGTTGCTCANT TTTTHCGTTGATTTGTTATTTCGGAGINT T T TENMNTAATTATTAGGGGTTTGAT TAINT T T .sIw)
AT TTTCGTTGGEAATACCGTACGTCAATGTTGCTCANT TTTTECGTTGATTTGTTATTTCGGAGINT T T TENMYTAATTATTAGGGGT T TGAT TAINT T'T .l W
AIRTTHTCGTTGG A‘TACCG}TACGTCAATGTTGCTC‘TTTTTTTCGTTGATTTGTTATTTCGG‘CTTTTT‘TTTAATTATTAEGGGTTTGATT‘TTTT : 867
ARITTTTCGTTGGEAATACCGTACGTCAATGTTGCTCAATTTTTHCGTTGATTTGTTATTTCGGARATTTTIAATAATTATTAGGGGTTTGATTAAT T TNy
ARITTTTCGTTGGEAATACCGTACGTCAATGTTGCTCAATTTTTHCGTTGATTTGTTATTTCGGARAAT TTTIAATAATTATTAGGGGTTTGATTAAT T TNy,
ARITTTTCGTTGGEAATACCGTACGTCAATGTTGCTCAATTTTTECGTTGATTTGTTATTTCGGARAAT TTTIAATAATTATTAGGGGTTTGAT TAAT T TN
ARITTITCGTTGGEAATACCGTACGTCAATGTTGCTCAATTTTTECGTTGATTTGTTATTTCGGARATTTTEAATAATTATTAGGGGTTTGATTAAT T T N1
ARITTTTCGTTGGEAATACCGTACGTCAATGTTGCTCAATTTTTERCGTTGATTTGTTATTTCGGARAAT TTTIAATAATTATTAGGGGTTTGAT TAAT T TN
ARITTTTCGTTGGEAATACCGTACGTCAATGTTGCTCAATTTTTECGTTGATTTGTTATTTCGGAAAT TTTIAATAATTATTAGGGGTTTGAT TAAT T'T NS
ARITTTTCGTTGGEAATACCGTACGTCAATGTTGCTCAATTTTTERCGTTGATTTGTTATTTCGGAAAT TTTIAATAATTATTAGGGGTTTGAT TAAT T'T N eIsY:
ARITTITCGTTGGEAATACCGTACGTCAATGTTGCTCAATTTTTECGTTGATTTGTTATTTCGGARATTTTEAATAATTATTAGGGGTTTGATTAAT T TN
ARITTTTCGTTGGEAATACCGTACGTCAATGTTGCTCAATTTTTERCGTTGATTTGTTATTTCGGARAAT TTTIAATAATTATTAGGGGTTTGAT TAAT T'T NS
ARITTTTCGTTGGEAATACCGTACGTCAATGTTGCTCAATTTTTERCGTTGATTTGTTATTTCGGARAAT TTTIAATAATTATTAGGGGTTTGAT TAAT T'T NS
ARITTTTCGTTGGEAATACCGTACGTCAATGTTGCTCAATTTTTECGTTGATTTGTTATTTCGGAAAT TTTIAATAATTATTAGGGGTTTGAT TAAT T'T .t
ARITTITCGTTGGIAAATACCGTACGTCAATGTTGCTCAATTTTTECGTTGATTTGTTATTTCGGARAT T TTEAATAATTATTAGGGGTTTGAT TAAT T T RV
ARITTITCGTTGGIAAATACCGTACGTCAATGTTGCTCAATTTTTECGTTGATTTGTTATTTCGGARAT T TTEAATAATTATTAGGGGTTTGAT TAAT T TRV
ARITTT T CGTTGGRAATACCGTACGTCAATGTTGCTCAATTTTTERCGTTGATTTGTTATTTCGGARAAT TTTIAATAATTATTAGGGGTTTGAT TAAT T T .t
A—TTTTCGTTGGRAATACCGTACGTCAATGTTGCTCAATTTTTTCGTTGATTTGTTATTTCGGAAATTTTTAATAATTATTAGGGGTTTGATTAATTT : 882
ARITTT T CGTTGGRAATACCGTACGTCAATGTTGCTCAATTTTTECGTTGATTTGTTATTTCGGARAT TTTIAATAATTATTAGGGGTTTGAT TAAT T'T .t
A—TTTTCGTTGG‘AATACCGTACGTCAATGTTGCTCAATTTTTTCGTTGATTTGTTATTTCGGAAAETTTTAATAATTATTAGGGGTTTGATTAATTT : 882
ARITTTTCGTTGGRAATACCGTACGTCAATGTTGCTCAATTTTTERCGTTGATTTGTTATTTCGGARAAT TTTIAATAATTATTAGGGGTTTGAT TAAT T'T .t
A—TTTTCGTTGGRAATACCGTACGTCAATGTTGCTCAATTTTTTCGTTGATTTGTTATTTCGGAAATTTTTAATAATTATTAGGGGTTTGATTAATTT 882
A—TTTTCGTTGGRAATACCGTACGTCAATGTTGCTCAATTTTTTCGTTGATTTGTTATTTCGGAAATTTTTAATAATTATTAGGGGTTTGATTAATTT : 882
ARITTITCGTTGGIAAATACCGTACGTCAATGTTGCTCAATTTTTECGTTGATTTGTTATTTCGGARAT T TTEAATAATTATTAGGGGTTTGAT TAAT T T RV
ARITTTTCGTTGGRAATACCGTACGTCAATGTTGCTCAATTTTTERCGTTGATTTGTTATTTCGGARAAT TTTIAATAATTATTAGGGGTTTGAT TAAT T'T .t
A—TTTTCGTTGGRAATACCGTACGTCAATGTTGCTCAATTTTTTCGTTGATTTGTTATTTCGGAAATTTTTAATAATTATTAGGGGTTTGATTAATTT 882
AR T CGTTGGEAATACCGTACGTCAATGTTGCTCANT TTTTMCGTTGATTTGTTATTTCGGARAAT TTTIAATAATTATTAGGGGTTTGAT TAAT T' TSIl




A S s
p55B555555555555355555585555535

NNNNNNRNNNN0 N NGRS CS SRS S e S S O

1080 * 1100 * 1120 * 1140 * 1160
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGINTGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATG‘
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGRTGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGaTGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA

GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA

GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA
GCAGGGTTGAACCGGTGTAGGAAGAGTTGCAGGCTGAGETGGTTGAATTATCTGAGGCCAAATATCAAAAGAGGTCGGTTTTCGAGAGATGA

959
959
959
959
959
1149
1149
1148
1148
1148
1148
1146
1148
1147
1147
974
974
974
974
974
974
974
974
974
974
974
974
974
987

14



Figure S2: PAL sequence alignment
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20 * 40 * 60 * 80 * 100
TTCGTGCAACTGTTCGTGATCCTGGTATGACTACACAT®T TTTATTT@GIATIAGTTEGCTAATTCTCTACCENAGAAAAGGGAG T CATGAC T TGAG T T A L S
OTTTTATTT] GT‘TRGTTGCTAATTCTCTAC ATGAAAAGGGAGTCATGACTTGAGTRTATC --------
ACGAAAAGGGAGTCATGACTTGAGTETATC ————————
@TTTTATTT, ACGAAAAGGGAGTCATGACTTGAGTETATC ————————
OTTTTATTT] ‘CGAAAAGGGAGTCATGACTTGAGTRTATC --------
T TTTATTT] GT‘TEGTTGCTAATTCTCTAC"CGAAAAGGGAGTCATGACTTGAGTHTATC ————————
NTTTTATTTEGRAATINGTTEGCTAATTCTCTACGINCGAAAAGGGAGT CATGACT TGAG TS T A i
—TTTTATTT‘GRATTGTTGCTAATTCTCTAC Te(exvvv\eelerNesNeruNer NS WNerXeIN Civii TGAGAAAAG
—TTTTATTTRGRATTGTTGCTAATTCTCTAC INCGAAAAGGGAGTCATGACTTGAGT[ETAT e e V.V.V:Ne]
—TTTTATTTRGRATTGTTGCTAATTCTCTAC INCGAAAAGGGAGTCATGACTTGAGT[®TATINEINE)V-V:V:\€e]
—TTTTATTTRGRATTGTTGCTAATTCTCTAC Te(exvvv\eelerNesNeruNer NS WNerXeIN Civii TGAGAAAAG
-TTTTATTTRGRATTGTTECTAATTCTCTAC INCGAAAAGGGAGTCATGACTTGAGT[ETAT N NE7VV:V:\e]
—TTTTATTTRG‘ATTGTTGCTAATTCTCTAC INCGAAAAGGGAGTCATGACTTGAGT[®TATINEINE)V-V:V:\€e]
—TTTTATTTRGRATTGTTGCTAATTCTCTAC INCGAAAAGGGAGTCATGACTTGAGT[®TATENE e V:V:V:N€E}
-TTTTATTTRGRATTGTTGCTAATTCTCTAC INCGAAAAGGGAGTCATGACTTGAGT[ETATENEINErV:V:V:\e]

G—TTTTATTTgGﬁATTGTTGCTAATTCTCTAC INCGAAAAGGGAGTCATGACTTGAGT[ETAT e e V.V.V:Ne]
TTCGTGCAACTGTTCGTGATCCTGGTATGACTACACA —TTTTATTT‘GRATTGTTGCTAATTCTCTAC INCGAAAAGGGAGTCATGACTTGAGT[®T AT NErNErV:V:V:N€e}
TTCGTGCAACTGTTCGTGATCCTGGTATGACTACACA -TTTTATTT‘GRATTGTTGCTAATTCTCTAC ICGAAAAGGGAGTCATGACTTGAGT[ETATENE e V:V:V:N¢e]
TTCGTGCAACTGTTCGTGATCCTGGTATGACTACACATIRTTTTATTT] GﬂATTGTTGCTAATTCTCTAC INCGAAAAGGGAGTCATGACTTGAGT[ETAT eI NEr.V.V.V:\e}

* 120 * 140 * 160 * 180 * 200 *
———————————————————— TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCETCGTGGCTGCTGATGACCA
———————————————————— TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCETCGTGGCTGCTGATGACCA
———————————————————— TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTZ—\ACTAACTATTCGTCGATTAIHTTGACC‘TCGTGGCTGCTGATGACCA
———————————————————— TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCETCGTGGCTGCTGATGACCA
———————————————————— TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCETCGTGGCTGCTGATGACCA
-------------------- TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCETCGTGGCTGCTGATGACCA
———————————————————— TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAI!TTGACC‘TCGTGGCTGCTGATGACCA
e e NI e NGu e NEaNGIvAT TGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCIATCGTGGCTGCTGATGACCA
AGAGTCATGACTTGAGTCT‘TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCRTCGTGGCTGCTGATGACC‘
AGAGTCATGACTTGAGTCT‘TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCNTCGTGGCTGCTGATGACC‘
AGAGTCATGACTTGAGTCT‘TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCHTCGTGGCTGCTGATGACCA
GGAGTCATGACTTGAGTCT‘TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCmTCGTGGCTGCTGATGACC‘
AGAGTCATGACTTGAGTCT‘TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCNTCGTGGCTGCTGATGACC‘
AGAGTCATGACTTGAGTCT‘TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCRTCGTGGCTGCTGATGACCA
AGAGTCATGACTTGAGTCT‘TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACC“TCGTGGCTGCTGATGACC‘
AGAGTCATGACTTGAGTCT‘TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCNTCGTGGCTGCTGATGACC‘
AGAGTCATGACTTGAGTCT‘TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCRTCGTGGCTGCTGATGACCA
AGAGTCATGACTTGAGTCT‘TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCHTCGTGGCTGCTGATGACCA
AGAGTCATGACTTGAGTCT‘TTGAGAAAAGATAGTTGTAGGTTTGTCAGTGTTGCAGTCTAACTAACTATTCGTCGATTAATTTGACCRTCGTGGCTGCTGATGACC‘

100
100
100
100
100
100

107
107
107
107
107
107
107
107
107
107
107
107

188
188
186
188
188
188
183
215
215
215
215
215
215
215
215
215
215
215
215
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T nnnooooooo o no n  n
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220 * 240 * 260 * 280 * 300 * 320

* 340 * 360 * 380 * 400 * 420 *
GAACTTTEAGCA
@AACTTTEAGCA
@AACTTTIRAGCA
GAACTTTEAGCA
@AACTTTEAGCA
@AACTTTEAGCA
@AACTTTIHAGCA
GCAATTCAAGGTTGCGAAGGAGTGTTTCACTEGGCCACGTCTATGGAATTTGATTCCETGGATCCTGAGGTACACEETCTCETITACCTEACTTTCRAACTTTIAGCA
GCAATTCAAGGTTGCGAAGGAGTGTTTCACTEGGCCACGTCTATGGAATTTGATTCCETGGATCCTGAGGTACACACTCTCETINTACCT] ‘CTTTCRAACTTTRAGC‘
‘CTTTCRAACTTTRAGCA

GCAATTCAAGGTTGCGAAGGAGTGTTTCACTEGGCCACGTCTATGGAATTTGATTCCETGGATCCTGAGGTACACACTCTCETINTACCT]

ACTTTCIAAACTTTIRAGCA
‘CTTTCRAACTTTRAGC‘
‘CTTTCRZ—\ACTTTNAGCA
‘CTTTCRAACTTTRAGCA

‘CTTTCRAACTTT“AGC‘
GCAATTCAAGGTTGCGAAGGAGTGTTTCACTEGGCCACGTCTATGGAATTTGATTCCEIGGATCCTGAGGTACACHMTCTCETITACCT ‘CTTTCRAACTTTRAGC‘
‘CTTTCHAACTTTRAGCA

GCAATTCAAGGTTGCGAAGGAGTGTTTCACTEGGCCACGTCTATGGAATTTGATTCCETGGATCCTGAGGTACACACTCTCETITACCTEACTTTCRAACTTTIAGCA
GCAATTCAAGGTTGCGAAGGAGTGTTTCACT@GGCCACGTCTATGGAATTTGATTCCE&GGATCCTGAGGTACACACTCTCETINTACCT] ‘CTTTCCAACTTTRAGC‘

296
296
294
296
296
296
291
323
323
323
323
323
323
323
323
323
323
323
323

404
404
402
404
404
404
399
429
431
431
431
431
431
431
431
429
431
431
431
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pB555535553855555585353

T unnnooooooco no nc nnn

T nnnooooooo n'o no n n n

CAAGCTCGCTGTTGCATTCRCCACCTT"TCGTAT GAAQT

CAAGCTCGCTGTTGCATTCRCCACCTT"TCGTATAAHGAATT Cl
CAAGCTCGCTGTTGCATTCRCCACCTT"TCGTATAA‘GAATT Cl
CAAGCTCGCTGTTGCATTCgCCACCTT"TCGTATAAHGAATT
CAAGCTCEOCTGTTGCATTC@®ECACCTTAAGCGTAT,

CAAGCTCCTGTTGCATTCO@ECACCTTAASCITATAR
CAAGCTCOCTGTTGCATTC@®ECACCTTAAGCEGTATAA

CAAGCTCEOCTGTTGCATTC@®ECACCTTAAGC]
CAAGCTCE@CTGTTGCATTC@®ECACCTTAAGC]
CAAGCTC@CTGTTGCATTC@®ECACCTTAAGCGETAT.
CAAGCTCOCTGTTGCATTC@®ECACCTTAAGCGTATAA
CAAGCTCECTGTTGCATTC@®ECACCTTAAGCETATAA}
CAA%CTCCCTGTTGCATTC CCACCTTAAGCITAT

GATCAAGCCAACAATTGACGGTATGTTGAACATCATTAAATCATGCGTGAAAGCAAAAACC
GATCAAGCCEACAATTGACGGTATGTTGAACATCATTAAATCATGCGTGAAAGCAAAAACC
GATCAAGCCAACAATTGACGGTATGTTGAACATCATTAAATCATGCGTGAAAGCAAAAACC

GATCAAGCCAACAATTGACGGTATGTTGAACATCATTAAATCATGCGTGAAAGCAAAAACC
GATCAAGCCAACAATTGACGGTATGTTGAACATCATTAAATCATGCGTGAAAGCAAAAACC

GATCAAGCCAACAATTGACGGTATGTTGAACATCATTAAATCATGCGTGAAAGCAAAAACC
GATCAAGCCAACAATTGACGGTATGTTGAACATCATTAAATCATGCGTGAAAGCAAAAACC
GATCAAGCCAACAATTGACGGTATGTTGAACATCATTAAATCATGCGTGAAAGCAAAAACC
GATCAAGCCAACAATTGACGGTATGTTGAACATCATTAAATCATGCGTGAAAGCAAAAACC
GATCAAGCCAACAATTGACGGTATGTTGAACATCATTAAATCATGCGTGAAAGCAAAAACC
GATCAAGCCAACAATTGACGGTATGTTGAACATCATTAAATCATGCGTGAAAGCAAAAACC
GATCAAGCCAACAATTGACGGTATGTTGAACATCATTAAATCATGCGTGAAAGCAAAAACC

CAAGCTCCCTGTTGCATTCRCCACCTT"CCGTAT GAATT gACAATAACTTTA‘GGAAGAAGCCCTCTTAGCETTGTTAACGATTTTATTGCAGAATGAAG

MACAATAACTTTAGGGAAGAAGCCCTCTEAGCATTGTTAACGATTTTATTGCAGAATGAAG
RACAATAACTTT GGAAGAAGCCCTCTEAGCATTGTTAACGATTTTATTGCAGAATGAAG
CRACAATAACTTT GGAAGAAGCCCTCTEAGCATTGTTAACGATTTTATTGCAGAATGAAG
CAAGCTCCCTGTTGCATTC‘CCACCTT"CCGTATAARGAATT ACECACAATAACTTTAIRGGAAGAAGCCCTCTEAGCATTGTTAACGATTTTATTGCAGAATGAAG
CAAGCTCE@CTGTTGCATTC@®ECACCTTAAGCGETAT. GAATTTRC ‘CAATAACTTTARGGAAGAAGCCCTCTTAGCATTGTTAACGATTTTATTGCAGAATGAAG
‘CAATAACTTTARGGAAGAAGCCCTCTTAGCATTGTTAAEGATTTTATTGCAGAATGAAG
ACAATAACTTTARGGAAGAAGCCCTCTEAGCATTGTTAACGATTTTATTGCAGAATGAAG
ACAATAACTTTARGGAAGAAGCCCTCTTAGCATTGTTAAEGATTTTATTGCAGAATGAAG
CAAGCTC@CTGTTGCATTC] ‘CACCTT"CCGTATAARGAATTTRC ACAATAACTTTARGGAAGAAGCCCTCTEAGCATTGTTAACGGATTTTATTGCAGAATGAAG
ACAATAACTTTARGGAAGAAGCCCTCTTAGCATTGTTAACGATTTTATTGCAGAATGAAG
ACAATAACTTTARGGAAGAAGCCCTCTTAGCATTGTTAACGATTTTATTGCAGAATGAAG
‘CAATAACTTTAﬁGGAAGAAGCCCTCTTAGCATTGTTAACGATTTTATTGCAGAATGAAG
ACAATAACTTTARGGAAGAAGCCCTCTTAGCATTGTTAACGATTTTATTGCAGAATGAAG
ACAATAACTTTARGGAAGAAGCCCTCTTAGCATTGTTAACGATTTTATTGCAGAATGAAG
‘CAATAACTTTAﬁGGAAGAAGCCCTCTTAGCATTGTTAACGATTTTATTGCAGAATGAAG
‘CAATAACTTTARGGAAGAAGCCCTCTTAGCATTGTTAACGATTTTATTGCAGAATGAAG

573
572
571
572
573
573
568
597
599
600
600
600
600
600
599
598
600
599
600

512
511
510
511
512
512
507
536
538
539
539
539
539
539
538
537
539
538
539
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Figure S3: DICH sequence alignment

PP R R

33333333333333333333333§-3

R R LR Rkl he ek Lok

* 20 * 40 * 60 * 80 * 100
TAGCARAACCCTTGATTGGCTGCHCACGAAGTCGAAGGA
TAGCARAACCCTTGATTGGCTGCHCACGAAGTCGAAGGA
TAGCARAACCCTTGATTGGCTGCHCACGAAGTCGAAGGA
TAGCARAACCCTTGATTGGCTGEGCIECACGAAGTCGAAGGA
TAGCARAACCCTTGATTGGCTGCHCACGAAGTCGAAGGA
TAGCARAACCCTTGATTGGCTGCHCACGAAGTCGAAGGA

TAGCARAACCCTTGATTGGCTGEGCECACGAAGTCGAAGGA

TAGCARAACCCTTGATTGGCTECECACGAAGTCGAAGGA

TAGCAAAACCCTTGATTGGCTGCTCACGAAGTCGAAGGAgGCTATC"GGAGCTCGTGCAGTCGAAAAGCTCGAAAAGTAATGTTTCTAATTCTCCTTCTGAATGT
TAGCAAAACCCTTGATTGGCTGCTCACGAAGTCGAAGGA‘GCTATT"GGAGCTCGTGCAGTCGAAAAGCTCGAAAAGTAATETTTCTAATTCTCCTTCTGAATGT
TAGCARAAACCCTTGATTGGCTEGCECACGAAGTCGAAGGARGCTATIAAGGAGCTCGTGCAGTCGAAAAGCTCGAAAAGTAATEGTTTCTAATTCTCCTTCEGAATGT]
TAGCARAACCCTTGATTGGCTGCHCACGAAGTCGAAGGARGCTATIRAAGGAGCTCGTGCAGTCGAAAAGCTCGAAAAGTAATGTTTCTAATTCTCCTTCINGAATGT]
TAGCAAAACCCTTGATTGGCTGCTCACGAAGTCGAAGGARGCTATT"GGAGCTCGTGCAGTCGAAAAGCTCGAAAAGTAATETTTCTAATTCTCCTTCTGAATGT
TAGCARAACCCTTGATTGGCTEGCHCACGAAGTCGAAGGAGGCTAT®AAGGAGCTCGTGCAGTCGAAAAGCTCGAAAAGTAATETTTCTAATTCTCCTTCEGAATGT]
TAGCAAEACCCTTGATTGGCTGCTCACGAAGTCGAAGG GCTATHAAGGAGCTCGTGCAGTCGAAAAGCTCGAAAAGTAATETTTCTAATTCTCCTTCISGAATGT]
TAGCARAACCCTTGATTGCCTHCECACCAAGTCGAAGGANGCTATIAAGGAGCTCGTGCAGTCGARAAGCTCGARAAGTAATETTTCTAATTCTCCTTCEGAATGT]
TAGCARABACCCTTGATTGGCTECECACCAAGTCGAAGGANGCTATIAAGGAGCTCGTGCAGTCGARAAGCTCGARAAGTAATETTTCTAATTCTCCTTCEGAATGT
TAGCAAAACCCTTGATTGGCTGCTCACGAAGTCGAAGGARGCTATT"GGAGCTCGTGCAGTCGAAAAGCTCGAAAAGTAATGTTTCTAATTCTCCTTCTGAATGT
TAGCARAAACCCTTGATTGGCTECECACGAAGTCGAAGGARGCTAT@AAGGAGCTCGTGCAGTCGAAAAGCTCGAAAAGTAATEGTTTCTAATTCTCCTTCINGAATGT]

106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
106
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194
194
194
197
194
194
194
194
194
194
194
194
194
194
194
209
194
194
194
194
194
197
194
194
194
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2333333833333333333338323823§-3
nnnnnnhhrhrhhhnooOBVOTTTTTTO

CTAACAAATGTAAAGGG

240 * 260 * 280 * 300 *

GAAGGGACGCGGTGGATCTTGCGAAGGAGTCGAGGGCGAAGGCGAGAGCGAGEGCT
GAAGGGACGCGGTGGATCTTGCGAAGGAGTCGAGGGEGAAGGCGAGAGCGAGGGCT

282
282
282
285
282
282
282
282
282
282
282
282
282
282
282
315
282
282
282
282
282
285
282
282
282
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2333333333333333333332323-3
nnnnnhhhrhrhhhnooOOTVTTTTOTT O

20 * 340 * 360 * 380 * 400 * 420

ACAGCTTAATCAAGCAAGAAACAAGAGCTATGAGTGGAACCCETCANOAGTTCTATTTCAGTCAAAGAGTAGTCAACAATTTGAAGTTTCAGGTCCCTCAAIMYIV.VN
ACAGCTTAATCAAGCAAGAAACAAGAGCTATGAGTGGAACCCETCANGAGTTCTATTTCAGTCAAAGAGTAGTCAACAATTTGAAGTTTCAGGTCCCTCAARKEIES
ACAGCTTAATCAAGCAAGAAACAAGAGCTATGAGTGGAACCCEOTCANGMAGTTCTATTTCAGTCAAAGAGTAGTCAACAATTTGAAGTTTCAGGTCCCTCAAGIN:V:NN
ACAGCTTAATCAAGCAAGAAACAAGAGCTATGAGTGGAACCCTTC‘———GTTCTATTTCAGTCAAAGAGTAGTCAAC@ATTTGAAGTTTCAGGTCCCTC‘‘TTAAT
ACAGCTTAATCAAGCAAGAAACAAGAGCTATGAGTGGAACCCIHT CARRRIGTTCTATTTCAGTCAAAGAGTAGTCAACAATTTGAAGTTTCAGGTCCCTCAA[GIVIVIVN
ACAGCTTAATCAAGCAAGAAACAAGAGCTATGAGTGGAACCCHTCARRRIGTTCTATTTCAGTCAAAGAGTAGTCAACAATTTGAAGTTTCAGGTCCCTCAAIMNV:VNN
ACAGCTTAATCAAGCAAGAAACAAGAGCTATGAGTGGAACCCETCANGAGTTCTATTTCAGTCAAAGAGTAGTCAACAATTTGAAGTTTCAGGTCCCTCAARKEIES
ACAGCTTAATCAAGCAAGAAACAAGAGCTATGAGTGGAACCCHTCARERERIGTTCTATTTCAGTCAAAGAGTAGTCAACAATTTGAAGTTTCAGGTCCCTCAAGIN:V:NN
ACAGCTTAATCAAGCAAGAAACAAGAGCTATGAGTGGAACCCETCARRGTTCTATTTCAGTCAAAGAGTAGTCAACAATTTGAAGTTTCAGGTCCCTCAA[GIVIVVN
ACAGCTTAATCAAGCAAGAAACAAGAGCTATGAGTGGAACCCHT CARRRIGTTCTATTTCAGTCAAAGAGTAGTCAACAATTTGAAGTTTCAGGTCCCTCAAGIVIVIVN
ACAGCTTAATCAAGCAAGAAACAAGAGCTATGAGTGGAACCCHTCARRRGTTCTATTTCAGTCAAAGAGTAGTCAACAATTTGAAGTTTCAGGTCCCTCAAIMNV-VNN

ACAGCTTAATCAAGCAAGAAACAAGAGCTATGAGTGGAACCCHT CARRRIGTTCTATTTCAGTCAAAGAGTAGTCAACAATTTGAAGTTTCAGGTCCCTCAA[GIVIVIVY
ACAGCTTAATCAAGCAAGAAACAAGAGCTATGAGTGGAACCCOTCANMAGTTCTATTTCAGTCAAAGAGTAGTCAACAATTTGAAGTTTC@GGTCCCTCAAGIN:VNN

385
388
385
388
385
388
385
388
385
385
385
385
385
385
385
418
388
385
385
385
388
388
388
385
388
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* 440 * 460 * 480 * 500

* 520 *

TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTCAAIRCEGAAAATGCCACTGAGAATTGGGATT]

TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGA@TCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGAETCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC

CHGAANATGCCACTGAGAATTGGGATT
CEGAAAATGCCACTGAGAATTGGGATT

TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTCAAIRCEGAAAATGCCACTGAGAATTGGGATT]

TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGEATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGAETCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC
TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTC

CEGAABATGCCACTGAGAATTGGGATT]
CEGAAAATGCCACTGAGAATTGGGATT
CEGAAAATGCCACTGAGAATTGGGATT
CE€GARAATGCCACTGAGAATTGGGATT]
CEGAABATGCCACTGAGAATTGGGATT]
CEGAAAATGCCACTGAGAATTGGGATT
CEGAARATGCCACTGAGAATTGGGATT
CEGARAAATGCCACTGAGAATTGGGATT]

TATGAAGAACTAAATCAAGAATCCATCATGATCAAGAGGAAGTTGAAGCAGAACCACCCTTCAATGTTTGGATTTCAAGCEGAAAATGCCACTGAGAATTGGGATT)

491
494
491
494
491
494
491
494
491
491
491
491
491
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491
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491
494
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nnnnnhhhrhrhhhnooOOTVTTTTOTT O

540 * 560 * 580
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
‘TTACAGTAACTTTACCTCECAGTCCAACCAGCTATGTGCCATTTTGGATCAGCAT‘
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA
ATTACAGTAACTTTACCTCACAGTCCAACCAGCTATGTGCCATTTTGGATCAGCATA

548
551
548
551
548
551
548
551
548
548
548
548
548
548
548
581
551
548
548
548
551
551
551
548
551
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Table S1 Population details and distances from hybrid zone

Latitude

Longitude

Distance from

Morph Code o bs Hybrid Zone

(’N) (E) (km)

A. m. pseudomajus AUT 43.33 1.51 122
A. m. pseudomajus BAG 43.10 2.98 113
A. m. pseudomajus BAN 42.49 3.12 87
A. m. pseudomajus BED 42.86 1.57 74
A. m. pseudomajus CAB 43.35 2.46 119
A. m. pseudomajus CHI 42.77 1.86 54
A. m. pseudomajus FLO 43.17 2.47 100
A. m. pseudomajus POR 42.21 1.54 47
A. m. pseudomajus SAL 42.23 1.74 31
A. m. pseudomajus UNA 42.76 1.79 55
A. m. striatum AND 42.57 1.59 50
A. m. striatum CAM 42.80 1.92 55
A. m. striatum CAS 42.77 2.78 76
A. m. striatum JOS 42.26 1.64 38
A. m. striatum LUC 42.97 2.26 74
A. m. striatum LYS 42.83 2.20 57
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Table S2: Primer sequences for PCR genotyping assays

Locus Primer Sequence (5°—3°) Function
RG4 CAGGTTACAGTAGGGTGTTCG ROS-Ma forward primer
RG6 CAAAGGGGTGATCTAGCC ROS-Mb forward primer
Rost RG1 GGACAGATGATTAATTACATGA ROS-Y forward primer
RR21 TCATCTCTCGAAAACCGACC Common reverse primer
PGIA GAGAGTCATGACTTGAGTCTATTG PAL-A forward primer
PAL PG2B CCTTAATCGTATAAGAATTTCCAAC PAL-B forward primer
PALRI1 TCCGATCATTTTCTTGGAGG Common reverse primer
DG1 TCAGGTCCCTCAACTAATTATG DICH-A forward primer
3 DG2 TCAGGTCCCTCAAGCTATGAA DICH-B forward primer
PieH DICHRI1 TATGCTGATCCAAAATGGCA Common reverse primer
DICHF1 TAGCAAAACCCTTGATTGGC Positive control forward primer

Two separate multiplex PCR reactions (primer DG1 or DG2 plus DICHF1 and DICHR1)
were carried out for DICH as the sequence variants could not be distinguished by
size. Genotype was inferred from the combined results of the two reactions.
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PERSPECTIVES

924

scientific controversy distract us from attend-
ing to the needs of trauma victims (/0). But
criticism is vital for any scientific field, and
discovering new facts, however politically
incorrect they may seem, provides the best
basis for helping victims. The new study’s
conclusion that the NVVRS overestimated
the rate of PTSD by 40% will upset some
people. Yet by increasing the accuracy of our
prevalence estimates, Dohrenwend et al. have
performed a valuable service. Advocacy for
victims must rest on the best science possible.
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EVOLUTION

Traversing the Adaptive Landscape

in Snapdragons

Elena M. Kramer and Kathleen Donohue

ow does one species become two
H species? Species appear to be
stable, adapted entities repro-

ductively isolated from related species,
but how did this isolation appear? We
can view species in terms of populations
in an adaptive landscape—a topographical
plot of fitness as a function of combinations
of characteristics. Each species then sits
on its own high ground, sporting adaptive
characteristics (collectively, their pheno-
types), while they tower over valleys of mal-
adaptive phenotypes. Does this high ground
represent isolated peaks, each species inhab-
iting one of them, or are the areas of high
ground connected by an equally high ridge,
long and circuitous though it may be?

Distinguishing between these two possibili-
ties is fundamental to understanding specia-
tion. With two isolated peaks, there is no way to
get from one to the other except through great
mutational leaps, tromping through a valley of
low fitness, or waiting for the environment (the
landscape itself) to change. In the alternative
case, one can simply walk randomly along a
ridge. The evolutionary mechanisms are very
different between those two scenarios, includ-
ing the roles of natural selection, drift, migra-
tion, and mutation. On page 963 of this issue,
Whibley et al. provide evidence that speciation
in snapdragons may have occurred through a
walk along an adaptive ridge (/).

Since Wright first introduced the concept
of the adaptive landscape in 1932 (2), it has
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become one of the most important heuristic
tools in evolutionary biology. The original for-
mulation plotted fitness in a population as a
function of the frequency of different forms of
specific genes (alleles), resulting in a con-
toured landscape where the peaks represent
local optima that correspond to a particular
genotype. This concept was modified by
Simpson (3) and Lande (4) to yield an alter-
nate landscape that plots fitness as a function
of phenotypic values, where the surface repre-
sents the relative fitness of particular pheno-
types in a population. Given that many pheno-
types are quite complex at the genetic level,
however, the relationship between genotype
and phenotype has often proven difficult to
quantify. As Wright himself pointed out, the

The genetic changes that underlie adaptive
evolution of species are not easy to determine.
Snapdragon species with different flower colors
that coexist in the Pyrenees offer a promising
system for analyzing them.

Evolution along an adaptive ridge. Whibley

et al. found three loci associated with floral

color, two being tightly linked and virtually

inherited as one. The diagram represents their
results in terms of evolution of a two-gene sys-
tem along a ridge that creates reproductive isola-
tion between the subspecies. The z axis indicates the
fitness of flowers with different colors, with orange
being in the valley of low fitness and yellow and
magenta along the ridge of high fitness. Arrows
indicate stepwise changes from one genotype to
another, starting with rrSS. One subspecies in their
study had genotype RRSS and the other had rrss
(where R =ROS, S = SULF). Other extant subspecies
of snapdragon are expected to contain genotypes
found along the ridge but not genotypes in the valley
or slopes.

true adaptive landscape exists in thousands of
dimensions, with many genes sometimes con-
tributing to a single phenotype under selec-
tion. Thus, many authors have debated the true
nature of an adaptive landscape: whether it is
smooth or rugged, with many isolated peaks
or few, with the highest level of adaptation
represented by single points or by continuous
ridges [see the review by Schluter (9)].

A classic model of speciation along an
adaptive ridge is the Dobzhansky-Muller
model. Imagine a population with individuals
that have the two-locus (two-gene) genotype
7SS (where upper and lower case denote dif-
ferent alleles), and the population divides into
two. In one population, a new R allele arises
and replaces r, so the population now has
genotype RRSS. In the other, a new s allele
arises and replaces S, and the population has
the genotype rrss. Note that the R allele has
never occurred with the s allele during this
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process. If the combination of R and s results
in low fitness, then the two new populations
would be reproductively isolated (their off-
spring would have low fitness because they
would contain both R and s), even though nei-
ther population went through any stage of low
fitness itself.

Whibley et al. provide a possible real-
world example of this process (see the figure).
The authors conducted a study of naturally
hybridizing subspecies of Antirrhinum majus,
a snapdragon. The yellow-flowered 4. m.
striatum and magenta-flowered 4. m. pseudo-
majus form a narrow hybrid zone where their
ranges meet in the Pyrenees. Whibley et al.
were able to identify three loci that contribute
significantly to the flower color differences
between the two morphs. To further investi-
gate the evolutionary interactions of the yel-
low and magenta floral forms, Whibley et al.
combined an elegant digital color quantifica-
tion technique with principal components
analysis to define a phenotypic space for
flower color. Although the F, (second genera-
tion and offspring of interbred hybrids) plants
from a striatum-pseudomajus cross occupied
a relatively large portion of the space, varia-
tion observed in natural subspecies was
restricted to a narrower domain. In particular,
an orange-colored form obtained in the F,
crosses was never observed in natural popula-
tions. The authors suggest that this result
reflects reduced fitness due to pollinator aver-
sion and conclude that lowered fitness among
the hybrids has helped to isolate the parental
genotypes. Moreover, the seemingly disjunct
yellow and magenta forms are found to
occupy the extremes of a contiguous domain
in genetically determined phenotypic space. If
the maintenance of these colors in
nature reflects their higher fitness,
the connection between the two
extremes can be interpreted as a
route for the transition from yellow to
magenta while avoiding the fitness
valley represented by the orange genotypes.
This connection can be thought of as an adap-
tive ridge in which the magenta/yellow
domain of genotype space represents a contin-
uous ridge of high fitness. Populations or
species tend to evolve upward toward the
ridge crest, resulting in a random distribution
along the ridge. In this case, it appears that one
defining feature of the ridge is that when
two populations come into contact, their
hybridization produces some phenotypes that
“fall oft™ the ridge, resulting in lower fitness.

The current study is possible because the
authors can make accurate predictions about
the relationships between color and geno-
type, allowing the conversion between phe-
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notypic and genotypic space. The genetic
simplicity of the system makes it irresistible
for actual tests of the Dobzhansky-Muller
dynamic through measures of natural selec-
tion on the different genotypes. Note that an
adaptive landscape describes the relationship
between genotypes and fitness in a single
environment. The model therefore would
make the simple and testable prediction that
all extant floral color genotype combinations
would have comparable fitness across the
entire geographical range of distribution, and
all missing phenotypes (presumably those
carrying the incompatible combination of R
and s) would have equally low fitness across
the range. The alternative hypothesis is that
each color morph is locally adapted to its
own local environment. Such measurements
would address a fundamental question regard-

PERSPECTIVES

ing speciation, namely whether environment-
independent genetic incompatibilities alone
account for reproductive isolation between
species that have diverged essentially through
drift along a ridge, or whether divergent adap-
tation to different environments is the cause.
In short, just what is the role of natural selec-
tion in speciation?
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ASTRONOMY

A Journey Through Time

Joseph Silk

Small variations in the temperature and density of matter just after the Big Bang are thought
to have been the seeds for the galaxies we see today. This picture has been confirmed by

observational evidence.

he cosmic microwave background
I radiation left over from the Big Bang
provides a unique window on the very
early universe. We believe now that galaxies
formed as small variations in matter density
evolved under the influence of gravity. If so,
then the primordial fluctuations had to have a
finite amplitude given the
limited time available
for fluctuation growth.
An inevitable conse-
quence is that tempera-
ture fluctuations must be
generated in the cosmic microwave back-
ground. Recent observations of the back-
ground radiation confirm this picture of the
gravity-induced growth of structure in the
early universe.

The first predictions of cosmic tempera-
ture fluctuations were made in 1967 by Sachs
and Wolfe (7). It was not until 1992 that
NASA’s Cosmic Background Explorer (COBE)
verified, to within a factor of 2, the predicted
effect (2). This is with hindsight also the pre-
diction of the inflationary theory of cosmol-
ogy of large—angular scale temperature fluctu-
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ations generated in the first 10¢ s of the Big
Bang. It was to take more than a decade, how-
ever, before the fine-scale anisotropy predic-
tions (3, 4) associated with galaxy formation
were confirmed (9).

Each time there was a major experimental
improvement, the theoretical hurdle was
raised as the predictions were refined. The
ultimate prediction of temperature fluctua-
tions arising from structure formation, made
in 1984 (6, 7), was only 3 parts in 100,000, at
an angular scale of about 30 arc min, and sub-
stantially lower on smaller angular scales.
Eventually, ground-based and balloon-borne
experiments provided strong confirmation of
the elusive signal. But it was the release of
first-year data from the Wilkinson Micro-
wave Anisotropy Probe (WMAP) satellite in
2003 that provided the first high-precision
measurements (8). Cosmology would never
be the same again with the new refined
measurements.

There were several dramatic results. The
universe had to be flat, and at the critical den-
sity. Most of its mass-energy density was in
the form of dark energy. One-third of the crit-
ical density was in nonbaryonic matter, and
only 15% of that was in baryons (such as neu-
trons and protons). The primordial fluctua-
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