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ABSTRACT
Echinacea is a North American medicinal plant that was used for medicinal

purposes by Native Americans. Modern uses of Echinacea preparations include the
treatment of colds and influenza, wound healing, and treatment of candidiasis. While
demand is increasing, the natural populations of Echinacea are dwindling due to wild
crafting and the loss of habitat caused by urban development. Understanding of the
genetic diversity of natural populations is crucial in the management and conservation of
the natural populations of Echinacea. Genetic diversity of natural populations of
Echinacea was estimated using AFLP markers. Population genetic analysis of the AFLP
data put the variation at 40% among and within the populations. Canonical analysis
supported the four species concept of the morphometric analyses, however phylogenetic
analysis supported some of the four species, but there was very little support by all the
other analyses of the eight varieties of Echinacea. No correlations were found between
the genetic distances and the geographic distances at the population level. The
correlations between data sets and primer pairs was high at the species level, but was
lower at the variety level. AFLP markers that were species or variety specific could not
be identified. The comigrating bands that are monomorphic within and among species
and varieties are 90% identical in their nucleotide sequences while the polymorphic
bands within and among species and varieties are only 25% identical. The assumption
that comigrating AFLP fragments have identical sequences within species and varieties
is not valid in Echinacea. Based on these findings, AFLP markers were treated as
phenotypes rather than genotypes and as such used for phylogenetic analysis of

Echinacea populations. Phylogenetic analysis supported only two species, E. purpurea



and E. laevigata that separated into clear groups with all the individuals together,
whereas E. atrorubens and E. pallida were separated into groups, but the individuals
were scattered among the groups. The varieties could not be grouped, as the individuals
were scattered among different groups. However discriminant analysis of the AFLP data
revealed bands that could be used to identify the four species and only three of the eight
varieties Echinacea.

Tissue culture procedures for mass propagation of Echinacea purpurea (L.)
Moench for producing uniform plants from leaves of mature plants were established.
However, the method was not applicable for all the other species and varieties of

Echinacea.



RESUME

Les échinacées sont des plantes médicinales qu’utilisaient jadis les Autochtones
d’Amérique du Nord. Elles entrent encore aujourd’hui dans la composition de
médicaments, qui sont utilisés pour soigner le rhume et la grippe, hater la cicatrisation
des plaies et traiter la candidose et font I’objet d’une demande croissante. Les populations
naturelles d’échinacées sont en régression a cause de la cueillette en milieu sauvage et de
la destruction des habitats due & ’urbanisation. Or, leur gestion et leur conservation
dépendent étroitement de nos connaissances sur leur diversité génétique. Une analyse
réalisée a I’aide de marqueurs AFLP a permis d’établir a 40 % la variation génétique qui
existe au sein des populations naturelles d’échinacées et entre ces populations. L’analyse
typologique et PCO ont corroboré les résultats de 1’analyse morphométrique selon
laquelle nous aurions affaire a quatre especes, mais elles n’ont pas donné de résultats
concluants quant a I’existence de huit variétés. En effet, ces séries de données présentent
des corrélations fortes en ce qui concerne les espéces, mais plus faibles en ce qui
concerne les variétés. Par ailleurs, il semble n’exister aucune corrélation entre les
distances génétiques et les distances géographiques au niveau des populations. Nous
n’avons pas réussi a trouver de marqueurs AFLP spécifiques aux espéces ni aux variétés.
Toutefois, I’analyse discriminante des données AFLP a révélé des bandes qui pourraient
servir a distinguer les especes ainsi que trois des variétés. L’hypothése selon laquelle les
fragments AFLP de taille identique afficheraient les mémes séquences au sein de chaque
espece ou variéte n’est pas valide. La proportion des bandes comigratrices qui sont
identiques au sein d’une espece ou variété ainsi qu’entre espéces ou variétés atteint 90 %

dans le cas de la bande monomorphe étudiée, mais seulement 25 % dans le cas de la



bande polymorphe. Compte tenu de ces résultats, nous avons assimilé les marqueurs
AFLP a des phénotypes plutdt qu’a des génotypes, et nous les avons utilisés pour une
analyse phylogénique des populations. Cette analyse nous a permis de confirmer
I’existence de deux des especes (Echinacea purpurea et E. laevigata), qui correspondent
chacune 4 un groupe distinct. Dans le cas des deux autres (E. atrorubens et E. pallida),
les sujets étudiés se répartissent entre plusieurs groupes. De méme, il n’a pas été possible
de regrouper les variétés, puisque leurs sujets sont également dispersés entre divers
groupes. L’analyse typologique et PCO ont permis de corroborer les quatre especes
récentes, mais non les varieties.

La méthode de culture de tissus pour la propagation massive d’Echinacea
purpurea (L.) Moench en vue de la production de plants uniformes a partir de feuilles de
plants adultes a été établie. Toutefois, cette méthode n’était pas applicable a toutes les

autres especes et variétés d’Echinacea.
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CHAPTER ONE

General introduction

The overall objectives of this study were to estimate the level of genetic diversity
in the natural populations and some commercial lines of Echinacea; to develop Amplified
Restriction Fragment Polymorphism (AFLP) markers that could identify the different
groups of native populations of Echinacea; and, to develop tissue culture methods for the
propagation of uniform Echinacea plants, both for commercial reasons and as part of an
effort to replenish the dwindling native populations of Echinacea. This thesis is presented
in five chapters to meet all the objectives. In the first chapter, a literature review is
presented that describes Echinacea in general, the use of AFLP for estimating genetic
diversity in different areas of biology and its various applications, and finally, a brief
introduction to tissue culture of Echinacea. In chapter two, one of the major assumptions
of the AFLP method, that comigrating bands are identical in sequence has been assessed
using Echinacea as a multilevel taxon model. In chapter three, a detailed analysis of the
diversity of natural populations and commercial lines of Echinacea using AFLP is
presented. Sequencing of the comigrating bands and the genetic diversity of Echinacea
were done at the same time, but based on the results of the sequences, AFLP data was
used as phenotypic data for further analysis. In chapter four, a tissue culture method for
the direct regeneration of . purpurea (L.) Moench is described. In the fifth and final
chapter, all the results that have been generated during this study have been put into
perspective and the editorial comments for each chapter have been addressed with

general conclusions from this work.
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Echinacea chemistry, taxonomy and distribution

Echinacea is a native North American plant, commonly known as the purple
coneflower. Traditionally Echinacea has been used by the Native American people for
treating respiratory problems, sores, wounds and a variety of other ailments such as small
pox and mumps (Brochers et al. 2000; Hobbs 1998). According to monographs from the
German Commission E Monograph of Echinacea, modern uses of the herb include
treatment of colds and influenza, lung infections, wound healing and candidiasis
(Blumenthal et al. 2000). It has become one of the most popular medicinal botanicals in
Europe and North America, consistently among the top ten medicinal plants in terms of
sales (Briskin, 2000). Each year about $ 300 million (US) is spent just on Echinacea
alone despite paucity of clinical evidence that it is an effective treatment (Barret, 2003).

Three species of Echinacea, E. purpurea, E. angustifolia DC. var. angustifolia
and E. pallida (Nutt.) Nutt. (sensu McGregor 1968) are commonly sold as
phytomedicines (Brochers 2001; Percival 2000). However, there is confusion among
these species in commercial trade as well as sales of other non-commercial Echinacea
species in the market (Hobbs 1990). Different formulations use different parts of the plant
including leaf, roots or flowers (Bauer 1999). The concentrations of active ingredients
such as cichoric acid and alkylamides varies depending on the species, the type of
formulation, the time of harvest, storage and processing and the extraction procedure
(Bauer 1999). These complications have been responsible for problems in maintaining
quality control, and assessing efficacy in the clinical trials (Bauer 1999; Kigler 2002).
Thus both morphological and molecular identification of the species and varieties in

natural populations of Echinacea is an important priority.

16



Five classes of chemical constituents are under investigation for active
ingredients, such as immunomodulators, and for standardizing the formulations. These
include caffeic acid derivatives, alkylamides, polyacetylenes, glycoproteins and
polysaccharides (Bauer 1998; Awang 1999). Echinacoside, a caffeoylic acid derivative is
variable in the roots and has been used to distinguish between E. angstifolia and E.
pallida (Awang 1999). Cichoric acid has been found to be variable between E. purpurea
and E. angustifolia and has been used to distinguish between them (Bauer 1998).
Alkylamide contents also vary among the Echinacea species and varieties; can be used to
distinguish between E. purpurea and E. angustifolia (Bauer and Wagner 1991). The
caffeic acid derivatives such as cichoric acid, echinacoside, chlorogenic acid,
alkylamides, mainly isobutyl amides have been assigned some of the therapeutic effects
of Echinacea (Letchamo et al. 1999).

Binns et al. (2002b) determined the phytochemical variation in the native
populations of Echinacea using high-pressure liquid chromatography (HPLC). The
amount of cichoric acid was highest in the variety E. pallida (Nutt.) Nutt. var. sanguinea
(Nutt.) but the highest amounts of alkamides 1-3 and 7 were found in the species E.
purpurea. Further, they used canonical discriminant analysis (CDA) to analyse the
phytochemical variations among the four species and nine varieties. Analyses of this data
lead to a revision of the taxonomy (described below, see Table 1.1). Binns et al. (2002b)
found the revised species to be phytochemically distinct, with cynarin and echinacoside
showing the greatest amount of variation in the CDA. The varieties did not show the

same distinctness with cichoric acid and echinacoside being the most important
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phytochemicals. Cichoric acid and ketoalkene can be used as markers for germplasm
improvement and quality control of Echinacea phytomedicines.

Echinacea belongs to tribe Heliantheae in the family Asteraceae. Echinacea is a
diploid (2n=22) plant; it is an open pollinated species with a high level of introgressants,
that are triploid (2n=33) and some even tetraploid (2n=44), (McGregor 1968). McGregor
(1968) was the first to publish a complete taxonomic treatment of the genus Echinacea
using morphological characters such as leaf and stem trichomes, leaf lamina, root types
and chromosome numbers on wide scale sampling. The distribution of natural
populations of Echinacea extends from the Atlantic drainage area of US and into Canada,
but not Mexico (McGregor 1968; McKeown 1999). They are adventives in the New
England, but are rare in the Great Lakes area, scanty above 1371 meters towards the
Rocky Mountains and were not found in New Mexico, southern Texas and Florida.

The distribution of natural populations of Echinacea species and varieties has
been described by McGregor (1968) and Binns et al. (2002a). E. angustifolia was found
in the dry prairies and barrens from Minnesota to Saskatoon and further south to
Oklahoma, Kansas and Texas. E. angustifolia DC. var. strigosa McGregor was found in
the rocky prairies with gypsiferous soils in Kansas, central Oklahoma and extreme north
central Texas. E. atrorubens Nutt. was found in heavy moist prairie soils in the prairies,
in a narrow band from Houston Texas, to Ardmore, Oklahoma, and Topeka, Kansas. E.
laevigata was found in the open woods and fields in Pennsylvania, Virginia and south to
mountains of Georgia. E. pallida was distributed in the rocky prairies, open wooded

hillsides and glades of Northern Indiana, Illinois, lowa, western Missouri, Arkansas,

18



Table 1.1. Revised classification of Echinacea. The species and varieties of Echinacea,
using morphological characters and chromosome counts by McGregor (1968) and

morphometric and chemotaxonomic analysis by Binns et al. (2002a).
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McGregor (1968)

Binns et al. (2002a)

E. atrorubens

E. paradoxa var. neglecta

E. paradoxa var. paradoxa

E. laevigata

E. angustifolia var. angustifolia
E. angustifolia var. strigosa

E. pallida

E. sanguinea

E. simulata

L. tennesseensis

E. purpurea

E. atrorubens var. atrorubens
E. atrorubens var. neglecta
E. atrorubens var. paradoxa
E. laevigata

E. pallida var. angustifolia
E. pallida var. angustifolia
E. pallida var. pallida

E. pallida var. sanguinea

E. pallida var. simulata

E. pallida var. tennesseensis

E. purpurea




northeastern Texas, and North to Nebraska. . sanguinea Nutt. was distributed ranging
from north to southeast Oklahoma and southwest Arkansas. The distribution of E.
simulata McGregor, extended from eastern Missouri, southwest to north central
Arkansas. E. paradoxa (Norton) Britton var. paradoxa was found in the rocky prairies,
glades and bald knobs of the central and western Ozark region of Missouri and north-
central Arkansas. E. paradoxa (Norton) Britton var. neglecta (McGregor) was found in
the rocky prairies and open wooded hillsides of the Arbuckle Mountain area of
Oklahoma. E. purpurea was found in the rocky open woods, thickets and prairies of
Georgia to Louisiana and eastern Oklahoma, north to Ohio, Michigan, Illinois and Iowa.
E. simulata (McGregor) was distributed in the rocky wooded hillsides and prairies of
north central Arkansas, eastern Missouri, western Illinois and west-central Kentucky. E.
sanguinea Nutt. was distributed in the sandy open Pine Barrens and prairie of
Southeastern Oklahoma, southwestern Arkansas, western Louisiana and eastern Texas.
E. tennesseensis (Beadle) Small was distributed in the dry gravelly hills and Cedar
barrens in LaVergne Tennessee. These descriptions guided the collection of wild plant
materials that were used in this thesis (Fig.1.1)

According to McGregor’s (1968) classification, nine species and two varieties of
Echinacea were described (Table 1.1). He evaluated the differences among the taxa based
on the morphological characters and chromosome counts only and did not employ any
numerical taxonomic methods. Recently Baum et al. (1999) and Binns et al. (2001)
discovered inconsistencies among these descriptions of the taxa and encountered practical

difficulties with the taxonomic identification keys.
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Large number of natural populations and herbarium specimens were collected by
Binns et al. (2001) from a wide range of sites in North America. They revisited the
distribution of Echinacea using the distribution map of McGregor (1968) as a guide. The
center of diversity according to both the studies was in the region that contains Arkansas,
Oklahoma, Kansas and Missouri. The range extended from east of the Rocky Mountains,
south to Gulf coast, north and west across the Great Plains to eastern Montana and
southern Saskatoon, Canada and east to the Appalachians (Binns et al. 2001; McKeown
1999).

The following (Fig.1.1) was the distribution of natural population of Echinacea
species and varieties as reported by Binns et al. (2001). E. purpurea was found in the
wooded hillsides and banks near waterways in the western limits of lowa to Arizona,
Louisiana and east to Pennsylvania in the north and Georgia in the south. £. subgenus
pallida was found in the habitats ranging from Canadian prairies south along the high
plains to Texas, bordered by Montana, Wyoming and Colorado in the west through low
plains and pine oak forests of Minnesota, Wisconsin and Illinois, east to Ohio and south
to Louisiana, the cedar glades of Tennessee and adventives eastward. E. pallida var.
pallida ranged from the dry prairies, openings in wooded hillsides and low plains of
Illinois, Minnesota, lowa to eastern Nebraska and Kansas, western Missouri and south to
northeastern Texas. E. pallida var. angustifolia has been found in rocky, dry prairies and
limestone outcrops from Manitoba and Saskatoon, Canada south along the high plains to
central Texas and west to Montana, Wyoming and northwest Colorado. E. pallida var.
sanginea was collected from heavy clay-loam soils in pine-oak forest clearings from

Texarkana south along eastern Texas border and throughout western Louisiana.
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Fig. 1.1. Distribution of the species and varieties of Echinacea which were sampled from
the wild populations representing geographical ranges of each putative species and
variety for AFLP analysis. McGregor (1968) was used as the starting point for the
collection sites and contour lines were based on the historical data, germplasm
collections, herbarium collections and surveys of Binns et al (2002a).

The species and varieties are labelled as: 1. E. atrorubens var. atrorubens. 2. E.
atrorubens var. neglecta 3. E. atrorubens var. neglecta. 4. E. laevigata 5. E. pallida var.
angustifolia. 6. E. pallida var. pallida. 7. E. pallida var. sanguinea. 8. E. pallida var.
simulata. 9. E. pallida var. tennesseensis 10. E. purpurea

11. Hybrid. Geographic boundaries of species: , E. pallida; , E.

DUFPUFed; ... . ..., , E. atrorubens; ------------ , E. laevigata. O, Hybrid,

cultivated populations.
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E. pallida var. simulata was collected in clearings in wooded areas and edges of rocky
prairies in north central Arizona, eastern Missouri, western Illinois, Kentucky, and
Tennessee and rarely to the southeast. £. pallida var. tennesseensis was distributed in
Cedar glade endemic to central arid regions in Tennessee. E. atrorubens was collected
from prairies and lowland stony-clay soils of Texas and Oklahoma north to Topeka,
Kansas in narrow band. E. atrorubens var. paradoxa was found in Ozarkian uplands of
western Missouri, dipping into Arizona; endemic in limestone glades, bald knobs and
outcrops, rare. E. atrorubens var. neglecta was endemic to rocky upland prairies and
openings of wooded hillsides in Arbuckle Mountains, Oklahoma. E. laevigata (Boynton
& Beadle) Blake was found in open wooded hillsides and well drained rocky, upland
soils of Virginia, North Carolina, South Carolina and Georgia. Taxonomic classification
of Echinacea using multivariate morphometric analyses and chemotaxonomic methods
was revised by Binns et al. (2002a) and established two subgenera, four species and nine
varieties for Echinacea. They also provided descriptions of the taxa with easy to identify
taxonomic keys. Their study was the most comprehensive treatment of the genus
Echinacea to date.

However, use of morphological characters for taxonomic purposes suffers from
several drawbacks (Weins 2001; Carr et al. 2003). Morphological characters are not
always inheritable, are influenced by environmental factors and are sometimes
ambiguous. This makes homology assessment and quantification difficult. Moreover,
morphological and phytochemical identification are not possible on the products that are
sold in the marketplace by the pharmaceutical industry. In order to overcome these

problems and to corroborate the recent morphometric classification of Echinacea,
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molecular methods are necessary. One of the objectives of this study was to identify
AFLP markers which are species or variety specific and corroborate the DNA based
methods to the morphological methods.

The first molecular study by Urbatsch et al. (1995) used restriction site variation
in the chloroplast DNA to infer the phylogeny of Echinacea, sub tribe Rudbeckinae.
They observed low levels of chloroplast DNA variation in the multiple samples within
species. Phylogeny based on the internal rDNA repeat transcribed spacer sequence 2
(ITS-2) of the rDNA repeat was established by Urbatsch et al. (2000), but was limited to
eight specimens representing only seven species of Echinacea out of the nine species and
three varieties described previously (McGregor, 1968). The genetic diversity of
Echinacea was estimated using Random Amplified Polymorphic DNA (RAPD) analysis
(Kaptaeyn et al. 2002) on few accessions of the three commercially important Echinacea
species. However, RAPD has been determined to be not very reproducible and robust
(Jones et al. 1997). After the revision of classification based on morphology of Echinacea
(Binns et al. 2002a) some of their species have become varieties and hence the molecular
data should be re evaluated. The AFLP genetic diversity studies of Kim and Still (2003);
Kim et al. (2004) were carried out using only 39 plants representing nine species and
three varieties (sensu McGregor) of Echinacea and also based on Binns et al. (2002a).

These studies were not very comprehensive and did not include all the species and
varieties of Echinacea. A more comprehensive study that analyzes large populations
collected across a broad range of distribution of Echinacea will help to clarify the species
and varieties of this genus. To enhance the Echinacea germplasm and understand the

diversity in the natural populations, a project was initiated. As indicated above a
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morphometric study based on the morphological characters and chemical content of the
natural populations and commercial lines of Echinacea was recently completed (Binns et
al. 2002a). The present study was initiated to determine if molecular support could be
established for the morphometric revision of Echinacea. Moreover, molecular markers
are also useful in estimating the genetic diversity in this species, in identifying
individuals and duplicates in germplasm collections and in identifying genetically diverse
parents for developing breeding and mapping populations.

Variation in morphological characters, geographical distribution and variation,
cyto-genetic relationships and markers, breeding systems, cross-compatibility and
biochemical markers have been used to determine relationships within and among
species. These characters are central to taxonomy, but have very limited resolving power
due to the small number of variables present in these characters (Karp et al.1997).
Molecular markers in general are variable, cover the genome, are unambiguous, lack
phenotypic plasticity, are genetically interpretable as heritable entities and are easily
quantified in population genetics and systematics (Powell et al. 1996; Karp et al. 1997).
The wild relatives of a species are useful sources of genetic variability for many
agronomic traits and have great potential for Echinacea improvement. To make efficient
use of the desirable pool of genetic diversity, the genomic relationships and intra and
inter species genetic diversity has to be assessed (Karp et al. 1997).

A good understanding of information on the degree and distribution of genetic
variation is important for critical evaluation and conservation of biodiversity. An array of
molecular techniques is available for estimating genetic diversity at the molecular level

(Karp et al. 1996). They are Restriction Fragment Length Polymorphisms (RFLP),
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RAPD, microsatellites, AFLP, Single Nucleotide Polymorphism (SNP) and other similar
techniques. RFLP markers are generated by the difference in the size of DNA fragments
that are generated by restriction enzymes and hybridised with a probe. This is a very
laborious technique and needs prior sequence information (Powell et al. 1996). RAPD
markers are generated by amplification of random DNA segments with short arbitrary
primers and are not very repeatable and reliable (Williams et al. 1990; Mueller and
Wolfenbarger 1999; Powell et al. 1996)). Microsatellites are simple sequence repeats
consisting of two to six base pairs that are repeated in tandem and are amplified using
PCR primers specific for the regions flanking the repeat. As with RFLPs, prior sequence
knowledge is required in this case of the flanking regions for primer design (Mueller and
Wolfenbarger 1999; Karp et al 1996; Powell et al. 1996). SNPs are the most abundant
source of genetic variation among individuals within a species and require the prior
knowledge of the sequences of the expressed sequence tags or the non-coding regions for
the species, to design primers for the amplification of the SNP by PCR (Rafalski 2002).
The information generated from all these techniques has to be analysed by appropriate
methods to get an estimate of the genetic diversity (Savelkoul et al. 1999). AFLP has
become a very popular technology due to the possible generation of large number of
markers from microgram amounts of DNA with no a priori knowledge of the sequence of
the genome (Mueller and Wolfenbarger 1999; Savelkavoul et al. 1999). They are highly
reproducible, are able to resolve complex genetic structures with high levels of resolution
with high multiplex ratio (Powell et al. 1996) and are reliable with informative multilocus

probes (Winfield et al. 1998). Thus the AFLP technique was the method of choice for this

study.
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Application of AFLP

The analysis of AFLP generated data requires that fragments of the same size be
identical within and among samples from a population and in fact the AFLP bands that
have been mapped were assumed to be homologous with respect to co-migrating bands in
diverse populations within and between species (Badr et al. 2002). Homologous genes are
genes that are related through a common evolutionary ancestor. Orthologous genes are
those homologues that are present in different organisms and have evolved from a
common ancestral gene by speciation. Paralogous genes are present in the same organism
or different organisms and have evolved from a common ancestral gene by a gene
duplication event. If this gene duplication event took place before a speciation event,
there are paralogous genes in different genomes.

Although AFLP fragments of a specific length are not necessarily representative
of a specific locus across genetic backgrounds, most of them do represent a locus
(Rouppe van der voort et al. 1999). The AFLP method generates data sets that reliably
reflect differentiation between entire individual genomes and it is possible that a fraction
of the variation seen in AFLP is phylogenetically accurate (Hedren et al. 2001). In
population genetics studies it is also assumed that AFLP markers segregate as dominant
markers exhibiting presence or absent status for a given locus. However this assumption
is unfounded and the application of AFLP data to population genetics may not be
appropriate (Wong et al. 2001).

The following applications of AFLP, show the wide range of organisms with a

broad array of areas where it has been very popular (Mueller and Wolfenbarger 1999;

Savelkavoul et al. 1999).
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Mapping

AFLPs were primarily used for genomic mapping to bridge the gap between
genetic and physical maps (Vos et al. 1995). Linkage maps of the parental genomes in
dihaploid rose were deduced using AFLP markers to identify Quantitative Trait Loci
(QTL) markers linked to thorn density of the shoots (Crespel et al. 2002). High-density
genetic maps suitable for applications such as map-based gene cloning were developed
for Petunia using AFLP data (Strommer et al. 2002). Indirect selection of agronomically
important traits and construction of genetic linkage map and QTL analysis of the
tetraploid water yam was achieved using co-dominantly scored AFLPs (Mignouna et
al.2002). Hoarau et al. (2002) used 1000 AFLP markers to map the QTLs that were used
to identify complex yield components in sugarcane.
Variety identification

Variety/cultivar identification in plant breeding, such as Canadian durum wheat
cultivar identification, was carried out using PCR-based, cultivar specific, Sequence
Tagged Sites (STS) markers derived from AFLP (Soleimani et al. 2002). Lefebvre et al.
(2001) used AFLP derived genetic distances to produce Unweighted Pair Group Method
with Arithmetic Averaging (UPGMA) based dendrograms for variety identification, to
discriminate between five varieties of pepper hybrids used in commercial production and
to protect the breeder’s rights. Rapeseed cultivars were identified for registration using
genetic distances derived from two AFLP primer combinations by cluster and principal
coordinate analyses (PCO) (Lombard et al 2000). De Rick et al. (2001) assessed the
distinctness, uniformity and stability of sugar beet varieties by cluster and AMOVA

analyses of AFLP data and used these for the protection of breeder’s right.
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Genetic diversity

Genetic diversity among Arabica cultivars of coffee and their identification using
cluster analysis of AFLP markers was assessed for coffee improvement (Steiger et al.
2002). Genetic relationships among Papaya cultivars, breeding lines, unimproved
germplasm and related species were estimated by cluster analysis of the AFLP data (Kim
et al. 2002). McGregor et al. (2002) used AFLP markers for germplasm management, to
validate taxonomic classification, to investigate the extent of redundancy and to study the
distribution of genetic diversity across the collection area using cluster analysis and
AMOVA of data generated from two AFLP primer pairs on two plants per accession on
the entire Solanum germplasm collection. AFLP markers were used to identify 67 grape
clones, by cluster analysis of the AFLP polymorphic bands, thus permitting the
elimination of redundant germplasm and identification of the specific clones based on the
AFLP pattern (Cerevera et al. 1998). AFLP patterns from very diverse geographic origins
of the common vetch collections were evaluated using AFLP fingerprints by cluster and
PCO analyses to identify the collection to the original sites of collection for utilization in
ex situ germplasm collections (Potokina et al. 2002).
Taxonomy

In systematics and phylogeny of plants AFLP has recently been used at the
species, subspecies and population levels as detailed in the following examples. Closely
related species of Lactuca were identified by phenetic analyses of AFLP data by cluster
and PCO analyses and were corroborated with the ITS-1 sequence study (Koopman et al.
2001). Reduction of species in the wild potato Solanum section Petota series

Longipedicellata was achieved by cluster and parsimony analyses using AFLP data (Berg
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et al. 2002). Genetic and phylogenetic relationships of Egyptian Hordeum L. wild plants
and their cultivated relatives were inferred by parsimony analysis of the AFLP data (El-
Rabey 1999). Kim and Still (2003) and Kim et al. (2004) reported the phenetic
relationships and genetic diversity among the nine species and three varieties of
Echinacea by neighbor joining and bootstrap and PCO analyses of the AFLP data. They
found AFLP data supported only two clades within Echinacea and did not find any
congruence with the taxonomic classification of Echinacea by Binns et al. (2002a).
Ecological studies used AFLP data to estimate genetic diversity and identification of
species by cluster and PCO analyses and to establish consistency between morphology
and molecular based approaches (Coart et al. 2002).
Animal genetics

In animal genetics, Buntjer et al. (2002) used AFLP fingerprinting to infer
phylogeny of the wild and domesticated cattle (Bos taurus) species by neighbours joining
and bootstrap analyses to resolve anomalies in the phylogeny inferred from studies of
mitochondrial DNA. A linkage map of Chicken (Gallus domesticus) was established
using STSs derived from flanking regions of AFLP markers (Knorr et al. 2001). Giannasi
et al. (2001) used neighbour joining and principal component analyses (PCA) of the
AFLP data for determination of the species tree for 24 specimens of a medically
important snake, white-lipped tree viper, Trimeresurus albolabris for species-specific
antivenom production and conservation management. AFLP data was analysed by PCA
and PCO analyses to discriminate species of Caribbean Anolis lizards for biodiversity

assessment (Ogden and Thorpe 2002).
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Microbiology

In microbiology, Guan et al. (2002) estimated genetic diversity of E. coli bacteria
and discriminated among isolates from animal and human sources by discriminant
analysis of AFLP data and used the information for epidemiological studies of E. coli for
predicting the source of faecal pollution of water. Taxonomic identification of Bacillus
anthrasis by cluster, cladistic and phenetic analyses using the AFLP data was used to
identify a single strain as the cause of an epidemic (Keim et al.1997). Strong influence of
geography on the population structure of yeast Pichia kluyveri, the monophyly of one
variety and utility of maintaining another variety was resolved using parsimony analysis
of'the AFLP data combined with morphology by Ganter et al. (2000).

These examples demonstrate that AFLPs can be applied to any species from any
Kingdom and used for mapping genes, estimating genetic diversity, species and
population separation, individual identification, and phylogenetic studies. The binary data
set derived from AFLP fingerprints can be analysed by a wide variety approaches
including cluster analysis, PCO, AMOVA, discriminant analysis and phylogenetic
analysis. These approaches result in identifying individuals that are useful in breeding for
better crops and livestock, in the conservation and management of germplasm, and
identification of species and varieties in taxonomy.

Tissue culture

Commercially grown Echinacea are propagated by seed or clonally using the
taproot or underground rhizomes (Henthorne 2000; Adam 2002). The seeds are stratified
prior to sowing and grown in flats under standard greenhouse conditions. Germination of

the seed takes about 10-20 days. Eight—week-old seedlings are transplanted to the field in

31



the fall for cultivation and these plants take 2-4 years to reach maturity. For clonal
propagation taproot or underground rhizomes are used. Aerial shoots arise as basal
rosettes of leaves from the rhizomes and can be detached from the mother plant.

Echinacea is commercially cultivated for phytomedicinal purposes. In addition
there is extensive wild crafting and collection from natural populations. To replenish the
wild populations, there is an increasing interest in the application of in vitro tissue culture
methods for mass production of uniform plants of these medicinal herbs. In addition the
quality of the phytomedicines from Echinacea could be affected by contamination due to
the presence of bacteria, fungi and environmental pollutants (Choffe et al. 2000),
adulteration with other plant species (Hobbs, 1994) and natural variation in the active
component of the preparation due to variability in plants and the environment plus
handling during processing (Murch et al. 2000; Bauer, 1999). The loss of habitat and wild
crafting of Echinacea from natural populations have resulted in species such as £.
purpurea, E. laevigata and E. tennesseensis being declared close to extinction (U.S.
Department of the Interior, 2004). Thus, there is an increasing interest in the application
of in vitro tissue culture methods for the mass production of uniform plants of these
medicinal herbs to ensure quality of the herbal products.

The reintroduction of the mass produced tissue cultured plants into their natural
habitat has been considered as an option to replenish their populations (Coker and
Camper 2000). Rare and endangered plant species such as Cosmos atrosanguineus, the
chocolate cosmos plant have been regenerated by tissue culture and stored securely for
long term by cryo-preservation (Wilkinson et al. 2002). Medicinally important plants

such as Thasia garganica, drias plant (Makunga et al. 2003) the clustered sawwort,
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Saussurea obvallata (DC.) a rare, threatened medicinal herb (Joshi and Dhar 2003) and
Devil’s claw, Harpagophytum procumbens and H. zeyheri (Levielle and Wilson 2002)
have been propagated by tissue culture methods and reintroduced into their natural
settings for their conservation. Gockel et al (1992) were the first to establish a tissue
culture method for the regeneration of Echinacea. angustifolia; however they were not
successful with E. purpurea, the species that is most widely cultivated commercially.
Successful regeneration of plants from E. purpurea by direct somatic embryogenesis and
indirect shoot organogenesis using immature petioles has been established (Choffe et al.
2000). Camper and Coker (2000) were able to produce large number of E. purpurea
plants by tissue culture using explants from two-month-old sterile seedlings. Choffe et al.
(2001) reported root organogenesis from hypocotyls and cotyledon explants of E.
purpurea. Regeneration of E. purpurea from leaf explants via callus culture was
developed by (Koroch et al. 2002). Different methods of in vitro regeneration were
established for E. angustifolia, E. pallida, E. paradoxa and E. purpurea, all of which are
commercially cultivated for phytomedicines (Lakshmanan et al. 2002).

The regeneration methods described above were developed only for the three
commercially important species and used material derived from germinated sterile
seedlings. This approach is time consuming. Other species and varieties, which may be
chemically superior and agronomically desirable can be selected directly from the natural
population and propagated by tissue culture of mature leaves for phytomedicine
production and conservation of the natural populations. Thus a method which uses
mature leaves from the field collected samples and is not dependent on the sterile

seedling, is critical for mass propagation of non commercial and nearly extinct species.
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The method that was developed in this study using E. purpurea as a model may be
applicable to all the other species with few modifications.

Rationale for the Study

Genetic diversity assessment of plant species was traditionally based on

morphological characters, agronomical characteristics and recently on molecular
methods. However, to date very few comprehensive genetic diversity estimates of natural
populations and cultivated Echinacea populations have been established. Thus, genetic
diversity estimates derived from such data may poorly portray the actual genetic diversity
of the natural populations. In this study variation at the DNA level was used to obtain
genetic diversity estimates among natural populations of Echinacea. Furthermore this
data will enable the comparison with and corroboration of, the classification of the
natural populations derived from morphological and chemical markers. AFLP markers
can be used for the identification and authentication of Echinacea at the farm and
industries levels and also provide an opportunity to study an emerging crop at an early
stage of selection. Tissue culture methods may be the logical route for production of
uniform elite lines of Echinacea for pharmaceutical industry and for restoring the natural
populations of the nearly extinct groups.

Hypotheses and objectives of the study.

Hypothesis 1:

Molecular methods estimate genetic diversity accurately in the natural populations of
Echinacea.

Objective 1:

Estimate the amount of genetic diversity within and among the native populations of
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Echinacea using AFLP.

Hypothesis 2:

Native populations of Echinacea can be grouped based on genetic distances into species
and varieties.

Objective 2:

Separate the natural populations of Echinacea based on genetic distance and test against
the current morphometric classification. Identify diagnostic fragments using canonical
discriminant analysis and phylogenetic analysis.

Hypothesis 3:

Comigrating AFLP fragments are species or variety specific and homologous in
Echinacea.

Objective 3:

Clone and sequence the comigrating AFLP fragments to determine their sequence
identity.

Hypothesis 4:

Every species or varieties of Echinacea can be multiplied using a combination of auxin
and cytokinin.

Objective 4:

Develop a method using NAA and BA to produce multiple plantlets from the mature

leaves of all the species and varieties of Echinacea.
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CHAPTER TWO
Sequence assessment of comigrating AFLP® bands in Echinacea - implications for
comparative biological studies.

This chapter is a reproduction of the paper published in Genome: 47:15-25
(2004), by Subbaiah M. Mechanda, Bernard R. Baum, Douglas A. Johnson and John T.
Arnason. The validity of the assumption in AFLP that comigrating bands in closely
related species are related by descent and are identical in sequence was assessed and
meets part of the objective 3 of the thesis. Comigrating monomorphic and polymorphic
AFLP bands were isolated, cloned and sequenced from the four species and eight
varieties of Echinacea. The sequences were aligned and sequence identities were
determined separately for the monomorphic and polymorphic bands at 100% similarity
threshold. The monomorphic bands were 75 to 98% similar at the species level whereas
the polymorphic bands were 33 to 45% similar. This may introduce bias into the data set
and thus the genetic diversity measures may be biased. Using AFLP data as phenotype
rather than genotype may be an alternative for overcoming this bias. [This chapter is a
reproduction of the original paper. Editorial comments have not been included and

instead have been addressed in the Discussion. ]
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Introduction

Amplified restriction fragment polymorphism (AFLP®) has become a popular
technique for rapidly generating molecular markers (Vos et al. 1995). The AFLP method
involves complete digestion of the genomic DNA using restriction enzymes, followed by
ligation of the resulting fragments with adapters. Subsequently, a subset of the restriction
fragments are amplified by PCR using selective AFLP primers and the resulting
amplimers are then resolved on denaturing polyacrylamide gel electrophoresis (PAGE)
(Vos et al. 1995; reviewed in Mueller and Wolfenbarger 1999; Savelkoul et al. 1999).
Depending on the purpose, the AFLP fragments may be detected either by radiolabelling
the fragments (Vos et al. 1995) or by silver staining the gel (Chaloub et al. 1997). When
compared with other technologies such as restriction fragment length polymorphism
(RFLP), AFLP has proven to be a reproducible and reliable methodology with a high
multiplex ratio (Powell et al. 1996). The AFLP marker system has been used in a broad
range of applications such as genotyping including pathotyping and fingerprinting
(Mueller and Wolfenbarger 1999), medical diagnostics, chromosomal mapping, and
generating data for systematics, population genetic analysis, breeding, cultivar
identification, germplasm management and many other applications. It has been used in
bacteria, fungi, plants, insects, animals, and humans (Mueller and Wolfenbarger 1999;
Savelkoul et al. 1999). For 2002 alone the National Library of Medicine (PubMed,
NCBI) lists about 100 titles for population studies and 20 titles for phylogenetic studies.

Several problems associated with the use of AFLP data have been discussed by
Robinson and Harris (1999). While a valuable tool for many applications, the use of

AFLP in comparative biology studies has often made the assumption that comigrating
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AFLP fragments are homologous, i.e., bands migrating at the same position in the gel
were derived from the same chromosomal region. But this may not always be the case, as
comigrating bands may consist of sequences from different regions of the genome, and a
single nucleotide mutation at a potential restriction site would result in lack of a band at
the expected size. In all cases, bias in the data used for population or evolutionary studies
is introduced.

Previous research employing RFLP and random amplified polymorphic DNA
(RAPD) markers had demonstrated that the same bias may be at work. Zande and
Bijlsma (1995) described these limitations when RAPD data was used and reported that
fragments of similar length are not identical among species belonging to different
subgroups of Drosphila. There are indications from recent studies that these limitations
are also a concern when AFLP data is used for estimating relatedness. Rouppe van der
Voort et al. (1997) assessed allele specificity of AFLP markers in five remotely related
potato genotypes by cloning and sequencing 20 markers from two genotypes, of which 19
were nearly identical. Wong et al. (2001) electro-blotted AFLP products and probed with
eleven individual markers, of which two were monomorphic and nine were polymorphic.
Badr et al. (2002) made the claim that comigrating bands are identical in terms of
sequence in closely related species of Hordeum. Ipeck and Simon (2003) sequenced 79
AFLP fragments which were used in diversity analysis in garlic and found 95% of the co-
migrating fragments to be identical.

While carrying out an analysis of the biodiversity of Echinacea that used AFLP data
for population genetics, numerical taxonomic, and phylogenetic analyses (Mechanda et

al. 2004), we became concerned about the validity of this assumption. We were
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especially concerned about the similarity of comigrating AFLP bands, as Echinacea is an
open pollinated species with a few reported triploid (2n=33) introgressants between
diploid (2n=22) and tetraploid (2n=44) plants. In this study, we set out to test the
assumption that size similarity of comigrating AFLP bands indicates sequence identity.
By expanding the analysis to a relatively large collection of sequences derived from
monomorphic and polymorphic bands, at four taxonomic levels (genus, species, variety
and population), these results should give a clearer indication of the sequence similarity
among identical bands.

Materials and methods
Plant material

Leaves from single plants, roots and seeds, of 58 natural populations of Echinacea
from Canada and mainly from the midwestern and southeastern United States were
collected. In the related study, 435 single plant samples of the 58 populations were used
(Mechanda et al. 2004b: their Table 1). For AFLP analysis, single leaves from each
population were collected on ice and frozen in liquid nitrogen and stored at -80°C.
DNA isolation

The cetyltrimethylammonium bromide method (Doyle and Doyle, 1987) and the
Qiagen Kit for DNA isolation (Qiagen, Mississauga, Ont.) were used to extract DNA
from single leaves. DNA concentration was measured using a Hoefer DynaQuant™
minifluorometer (Hoefer Pharmacia Biotech, Calif.) and diluted to 50 ng/ul using TE
(10mM Tris, ImM EDTA, pH 8.0) or sterile water.

AFLP procedure and data scoring
AFLP was performed according to Vos et al. (1995) using the AFLP® Analysis

System-I (Invitrogen Life Technologies, Calif.) with some minor modifications as
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described in Baum et al. (2001). Briefly, 500 ng DNA was digested with EcoRI and Msel
and then adapters specific to the restriction sites were ligated overnight at room
temperature. The fragments with adapters were amplified with AFLP primers having one
selective nucleotide in the pre-amplification reaction with 20 cycles of 94° C for 30 s, 56°
C for 60 s and 72° C for 60 s using the DNA Engine Thermocycler PTC 200 (MJ
Research, Waltham, Mass.). The pre-amplification reactions were diluted 1:50 using TE.
Following preliminary tests with 10 primer sets, all DNA accessions were evaluated with
three primers sets, each with three selective nucleotides (shown in bold), based on
amplification of an optimum number of bands per gel (80-100 ) and the maximum
number of polymorphisms detected per primer set:

set 1, D10 Eco-GACTGCGTACCAATTCACC/Mse-GATGAGTCCTGAGTAACCG,
set 2, G10 Eco-GACTGCGTACCAATTCAGC/Mse-GATGAGTCCTGAGTAACCG,
set 3, D12 Eco-GACTGCGTACCAATTCACC/Mse-GATGAGTCCTGAGTAACGC).
The EcoRI primer was end labelled with **P using T4 polynucleotide kinase (Invitrogen,
Life Technologies) and selective amplification was carried out with three selective
nucleotides on both the EcoRI and Msel primers with one cycle at 94 °C for 30 s, 65 °C
for 30 s and 72 °C for 60 s. For the next 12 cycles, annealing temperature was lowered
0.7 °C from 65 °C to 56 °C, followed by 23 cycles performed at 94 °C for 30 s, 56 °C for
30 s and 72 °C for 60 s. The PCR products were electrophoresed on 6% polyacrylamide
gel with the AFLP band size marker, 30-330 bp AFLP® DNA Ladder (Invitrogen Life
Technologies) or a 100 bp DNA Ladder (Promega, Wis.) in one lane and a representative
sample in another lane (see Fig. 2.1). The gels were dried and autoradiographed using

Kodak diagnostic X-OMAT film (Eastman Kodak, Rochester, N.Y.) at room temperature
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Fig.2.1. AFLP silver-stained gel containing DNA samples from four populations of .
atrorubens var. paradoxa amplified with No. 2 (G-10) primer set combination
(EcoR1+AGC and Msel+CCG). Arrow 1 points to the monomorphic band and arrow 2
points to the polymorphic band that was excised, cloned, and sequenced. Lane M,

molecular weight marker; lane R, reference individual used for between-gel comparisons.
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for 2-3 days. The representative samples were used to align different gels for band
orientation, comparison and scoring.
Cloning and sequencing

The AFLP reactions were repeated for selected samples (two to six for each
species and variety) without the *°P labelled primer. Instead, the gels were
electrophoresed and stained using the Silver Sequence DNA sequencing system
(Promega). A well resolved monomorphic band and a polymorphic band at the same
position across the lanes, were selected at random, excised from the gels, eluted by the
crush and soak method (Sambrook et al. 1989), then reamplified for 23 cycles using the
same primer pair and conditions used to generate the band. The purified 127 bands were
cloned using TOPO TA cloning® kit for Sequencing (Invitrogen). Plasmid DNA was
isolated using the QIAprep Miniprep (Qiagen) plasmid kit and the purified DNA was re-
suspended in water. The inserts from two to five plasmids per sample were sequenced in
both directions using the ABI PRISM dye terminator cycle kit and run on ABI PRISM
377 DNA sequencer (Perkin Elmer-Applied Biosystems, Calif.).
Sequence alignment

To determine if the comigrating bands are identical across species and varicties,
the sequences from both the monomorphic band and those of the polymorphic band
across the lanes were aligned separately with CLUSTAL W (Thompson et al. 1994),
displayed with GENEDOC (Nicholas and Nicholas 1997), and their degree of similarities
assessed. The sequences were summarized separately for the clones within samples, for

the clones within varieties, for the clones within species, and for all the clones within the
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genus, each time at the threshold similarity of 100%, and the percent identical sequences
were calculated.
Results

A well-resolved monomorphic band (273 bp) and a well-resolved polymorphic
band (159 bp) were excised and cloned from the samples of each species/variety (Fig.
2.1). A total of 79 clones obtained from the monomorphic bands were sequenced and
aligned. For the polymorphic band, 48 clones were sequenced and aligned.
Monomorphic bands

Initially, at least three to five clones from three to five samples from a taxon were
sequenced. Preliminary sequence alignments for several taxa (Echinacea atrorubens var.
atrorubens, Echinacea atrorubens var. neglecta, Echinacea pallida var. angustifolia and
Echinacea purpurea) revealed that very high identity within each taxon existed, and
therefore fewer clones were sequenced for the other taxa (Table 2.1). In all cases, the
expected band size was conserved among all samples and consistently, the sequence
identity was above 90%, but never 100%, among clones within samples. For example, the
analysis of sequences from the monomorphic band in three populations of Echinacea
atrorubens var. paradoxa (Fig. 2.1) demonstrates the high similarity but not complete
sequence identity (Fig. 2.2). Note that in this particular example, one popﬁlation, EPP-
1B, accounts for more variation than the other two. Sequence identity dropped slightly
within varieties, and dropped further within species in Echinacea pallida (75.82%
identity) (Table 2.1). All of the sequences for the genus Echinacea when aligned together
were only 58.97% identical. Note the percent dissimilarity increases through the four

taxonomic levels, from population to genus.
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Table 2.1. Similarities between a monomorphic and a polymorphic AFLP comigrating

band in Echinacea.
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Fig. 2.2. Example of alignment of sequences from AFLP comigrating monomorphic
fragments of 273-bp band size in E. atrorubens var. paradoxa (refer to Fig. 2.1, arrow 1
and text). Four clones from one population (EPP-1: EPP98-0606-2 Cambden Co., Mo.);
three clones from one population (EPP-2: EPP98-0605-2, Benton Co. Mo.), and four
clones from EPP-3 (EPP 0823, Benton Co.). Black, 100% identity; dark grey, 80%

identity; light grey, 60% identity; white, less than 50% identity.
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EPP-1A :

EPP-2A
EPP-2D
EPP-2C
EPP-1C
EPP-3C

EPP-3D :
EPP-3B :
EPP-1D :

EPP-3A
EPP-1B

EPP-1A :
EPP-2A :
EPP-2D :

EPP-2C
EPP-1C
EPP-3C

EPP-3D :

EPP-3B

EPP-1D :

EPP-3A :

EPP-1B

EPP-1A :

EPP-2A
EPP-2D
EPP-2C
EPP-1C
EPP-3C
EPP-3D
EPP-3B
EPP-1D
EPP-3A
EPP-1B

EPP-1A :

EPP-2A

EPP-2D :

EPP-2C
EPP-1C
EPP-3C
EPP-3D
EPP-3B

EPP-1D :
EPP-3A :

EPP-1B

0 * 240 * 260 *

CtCAGGAGCACACTTTTCCTAGC TGA GCTAGaGCTGAATTGGTACGCAGTC

146
146
146
146
146
146
146
146
146
146
146

219
219
219
219
219
219
219
219
219
219
219



Fig. 2.3. Example of alignment of sequences from AFLP comigrating polymorphic
fragments of expected 159-bp band size in E. atrorubens var. paradoxa (refer to Fig. 2.2,
arrow 2 and text) demonstrating sequence difference among clones. Two clones from one
population (EPP-1: EPP98-0606-2 Cambden Co.), three clones from one population
(EPP-2: EPP98-0605-2, Benton Co.), and two clones from EPP-3 (EPP 0823, Benton
Co.). Black, 100% identity; dark grey, 80% identity; light grey, 60% identity; white, less

than 50% identity.
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58
58
58
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81

EPP-1A

EPP~-1B

EPP-3B

EPP-3C

EPP-2A

EPP-2C

EPP-2B

EPP-1A 125
EPP-1B : CAGCCGACAACAACCTTTCTCAGCCACACCGCCGC- CTG : 125
EPP-3B : 1 T~~~ - - - - H 91
EPP-3C : : 91
EPP-2A 91
EPP-2C : 91
EPP-2B : 5 S 158

T
TGCTGAATTGGTACGCAGTC



Polymorphic bands

Two clones from each of the five E. pallida var. angustifolia samples were
sequenced, and while duplicates had percent similarities of 99-100 %, identity among the
five samples was only 54.03%. In contrast, Echinacea pallida var. simulata and
Echinacea pallida var. tennesseensis exhibited much lower percentage similarities (Table
2.1). The alignment presented in Fig. 2.3 demonstrates the lack of sequence identity
among polymorphic bands migrating at the same position (159bp) and taken from the
same gel of . atrorubens var. paradoxa shown in Fig. 2.1. In contrast to the results
above for the monomorphic bands where conservation of size was observed, length
differences were observed among different clones selected from the same polymorphic
AFLP band, e.g., EPP-2B, EPP-2A, and EPP-2C differ widely in size, even though they
have the same adapter/primer sequences at both ends. In general, the recovery of
sequences with the expected length of 159 bp was very inconsistent, and sequences
ranging from 74 to 161 bp were recovered (Table 2.1). For E. pallida var. angustifolia, E.
pallida var. pallida, E. pallida var. simulata and E. purpurea the expected fragment
length was found among the clones with only minor variation, 158 bp and 161 bp, and
then in only two clones (Table 2.1). In the other taxa, clones of the expected sequence
length were not found at all in our sample, resulting in sequences ranging from 74 bp to
161 (Table 2.1). For example, in E. pallida var. tennesseensis, none of the 10 sequences
had the expected size of 159 bp. Four of the 10 were identical in length (125 bp) and in
sequence. Five clones of equal length (108 bp) could be assigned to three groups

containing two, two, and one clone, respectively (Fig. 2.4). The last of the 10 clones,
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Fig. 2.4. Example of alignment of sequences from AFLP comigrating polymorphic
fragments of expected 159-bp band size in E. pallida var. tennesseensis (refer to Fig. 2.1,
arrow 2 and text) demonstrating sequence heterogeneity among clones. Four of the 10
shown are identical in length (125 bp) and in sequence. Five clones are of equal length
(108 bp). Two clones from sample ETS51-3 and one clone from ET52-1 have identical
sequences. The sixth clone (ET52-2) from the same sample as ET52-1 is different in
length with 91 bp, and very different in nucleotide sequence. Black, 100% identity; dark

grey, 80% identity; light grey, 60% identity; white, less than 50% identity.
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t CTGAATTGGTACGCAGTC




Fig. 2.5. Example of alignment of sequences from AFLP comigrating polymorphic
fragments of identical size, 159 bp separated from the other sizes, across species and
varieties. ES, E. pallida var. sanguinea; EP, E. purpurea; EPA, E. atrorubens var.
atrorubens; EL, E. laevigata; EA and EST: E. pallida var. angustifolia. Note the four

different types of sequences (see text). (First letters in label are according to field labels).
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ETS52-2 from the same sample as ET52-1, was different in length (91 bp) and very
different in nucleotide sequence (Fig.2.4). To attempt to determine whether the observed
heterogeneity as related to sequence, we performed alignments across species for each of
the fragment size classes. The alignments of 15 sequences that were 159 bp revealed four
different groups including (i) two of Echinacea pallida var. sanguinea, (if) three of E.
purpurea, (iii) nine sequences, of which one was from Echinacea laevigata, four from E.
pallida var. angustifolia, two E. atrorubens var. atrorubens and one each from E.
purpurea and E. pallida var. sanguinea, and (iv) a single sequence of E. pallida var.
sanguinea (Fig. 2.5). In the same alignment at position 97-100, an Msel restriction site
(TTAA) was detected in two sequences from E. pallida var. sanguinea (ESS-3, ESS-5)
(see Discussion). The alignment of six sequences that were 108 bp revealed two different
kinds: (i) three sequences of E. pallida var. tennesseensis and one sequence of F.
laevigata; (ii) two sequences in E. pallida var. tennesseensis (not shown). All the 91-bp
fragments were identical (not shown) but stemmed from the following taxa: F.
atrorubens var. atrorubens (four clones), E. atrorubens var. negelcta (one clone), E.
atrorubens var. paradoxa (three clones), E. laevigata (one clone), and E. pallida var.
tennesseensis (one clone). These results demonstrate that sequences of comigrating
polymorphic bands from different species and their varieties vary widely in sequence
length and similarity.

Within variety, sequence identity ranged from 23% identity to 64% (discounting F.
atrorubens var. atrorubens where too few comparable clones were investigated). Within
species, sequence identity ranged from 23% to 46%, and within the genus the identity

dropped to a very low 1.25% (Table 2.1).
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Discussion
False assumption of homology based on fragment length

The essence of comparative biology, especially at the genetic and taxonomic levels,
depends upon on homology; however, homology is a relative concept and testing for state
of homology is required (Patterson 1988). Because a state of homology can be inferred
from so many criteria, it becomes important to specify the precise context or criteria used
when comparisons are assessed. Thus, AFLP comigrating bands may appear to be
homologous based on the criterion of mobility on a PAGE gel when, with respect to
sequence identity they may or may not be homologous. Two AFLP bands of identical
mobility and sequence may have originated from different parts of the genome, as might
be the case among sequences in E. atrorubens var. paradoxa (Table 2.1, sample 2; Fig.
2.3) and E. pallida var. tennesseensis (Table 2.1, samples 3 and 5; Fig. 2.4). The
noncoding nature of AFLLPs may help to provide an explanation for the variability and
multiple length variants which are present at many loci, which are rarely strictly
dominant (Wong et al. 2001). Other factors such as the possibility of replication errors
during PCR of the silver-stained fragments as well as presence of multiple alleles may
contribute to the variation within samples.

In both RAPDs and AFLPs the resulting fragments are random due to the distribution
of the primer annealing sites in the former and restriction sites in the latter. In case of
RAPDs, Zande and Bijlsma (1995) reported that fragments of similar length are not
necessarily identical between species belonging to different subgroups of Drosphila.
Several AFLP studies have indicated fragment heterogeneity. In barley, inserts from

colonies of a single transformation event were typically not identical (Shan et al. 1999).
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In soybean, direct conversion of the AFLP fragment to a sequence tagged site marker was
not feasible due to the small band size and heterogeneity of the bands (Meksem et al.
2001). Rouppe van der Voort et al. (1997) sequenced 20 out of 117 putatively
homologous AFLP bands in a mapping study of potato and reported 95% were identical.
In the present study 79 out of 435 putatively homologous monomorphic bands and 48 out
of 159 putatively homologous polymorphic bands among the 435 positions on the gels
(Mechanda et al. 2004a) were sequenced. Identities ranging from 75% to 98% among the
four species (Table 2.1) were found for the monomorphic bands at a given position on the
gel, but the sequence identity of the polymorphic bands at a given position was
considerably lower. Therefore, the claim that comigrating bands are identical in terms of
sequence in closely related species of Hordeum (Badr et al. 2002) is not valid for
Echinacea, possibly due to the extensive out breeding nature of the genus (also see
Robinson and Harris, 1999, for a general discussion). This hypothesis can be tested in
barley, as some species are known to be out breeding. Therefore, because fragments of
the same length are not homologous, AFLP data might be treated as phenotypic as
opposed to genotypic data for the assessment of biodiversity, population genetics, and
related studies and analyzed accordingly as we did in our population genetic study of
Echinacea (Mechanda et al. 2004b).
Monomorphic bands

A band of 273 bp, which was the size of the excised band, can normally be easily
resolved from bands of similar sizes on a polyacrylamide gel. Furthermore, on the silver

stained gel used to isolate the desired fragment, it is much easier to manually resolve
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bands with similar mobility with better sensitivity than radioactively labeled fragments
(Chalhoub et al. 1997). The highest level of identical sequences was obviously within
samples, lower within varieties, much lower within species, and considerably lower
within the genus (Table 2.1). The high degree of identity between cloned sequences
suggests that the observed sequence differences did not arise from the accidental
copurification of bands with different origins.

Polymorphic bands

We chose the 159-bp bands across the gel for comparison because at that size, they
can easily be distinguished by one nucleotide difference on a PAGE gel. The level of
putative homology, i.e. identity of sequences, was much lower than among the
monomorphic bands (Table 2.1). Furthermore, we found lack of identity in both length
and sequence among different clones taken from the same fragment, such as in £.
atrorubens var. paradoxa EPP-2B and EPP-2C (Fig. 2.3) and E. pallida var.
tennesseensis clones ET2-1 and ET2-2 (Fig. 2.4). However, when fragments of similar
size were separately aligned, there was complete identity among the fragments of 91 bp.
In the other fragments, 108 bp and 159 bp, the sequences could be grouped into different
kinds, each with sequences of complete identity across species and varieties.

What is the origin of this variation? Since the fragments likely originate from
different parts of the genome, conceivably from repetitive DNA, an extreme G+C content
may influence gel mobility. Examination of these examples shows no major differences
in the proportion of G+C content, thus eliminating this explanation. Another possibility is
that during the addition of adapters, ligation of digested fragments would lead to the

amplification of a sequence that is actually two sequences, thus resulting in false
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homology. The detection of Msel sites in two sequences from E. pallida var. sanguinea
(ES5-3, ES5-5) suggests that this has occurred (Fig. 2.5). Physical factors affecting gel
resolution may explain discrepancies among fragment length and sequence identity, e.g.,
reptation of DNA molecules (entangled DNA fragments migrating through the pores of a
gel under the influence of a driving electric field) may result in comigration of fragments
of different sizes (Rousseau et al. 2000), or differences in mobility, diffusion, and
dispersion of comigrating fragments on sequencing gels are due to non-idealities of the
separation conditions (Brahmasandra et al. 2001). Thus, a band could possibly contain a
mixture of entangled DNA fragments of varying sizes as revealed by cloning and
sequencing. We speculate that this phenomenon may occur at the lowest molecular
weights and (or) at the lower part of the acrylamide gels where the resolution of the bands
is normally clearer than at the upper part. This idea could be tested by repeating the
analysis with a polymorphic band of higher molecular weight. Gel systems that use
capillary electrophoresis may avoid some of these problems. Irrespective, the reliability
of gel-based AFLPs as genotypic markers for comparative purposes remains
questionable. Instead, they may be used in comparative investigations, such as taxonomy,
genotyping, and fingerprinting (Mueller and Wolfenbarger 1999), by treating them as
phenotypic markers.

Although Wong et al. (2001) inferred varying co-dominance status among AFLP
polymorphic sites; they based their findings on experiments that used cloned fragments as
probes of southern blots. It can be assumed that presence of hybridization signal may also
be affected by inter-lane mobility shifts. Southern hybridization may yield false

indication of sequence identity. We did not clone any site at which the fragments could
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not be detected, i.e. band absent, among the polymorphic bands. This is because it can
always be assumed that a fragment may be present even though visually undetectable.
Excised bands were equally unambiguous on both radioactive and on silver stained gels.
Theoretical consideration

Several criteria have been put forward for estimating nucleotide divergence.
These are based upon RAPD analysis (Clark and Lanigan 1993) but also apply to AFLPs:
(7) homology of bands of the same size in different species should be demonstrated, (i7)
true nucleotide sequence divergence should not exceed ~ 10%, (iif) single nucleotide
substitutions at the priming sites are assumed to result in a loss of amplification (criterion
8 in Clark and Lanigan 1993). In this study, we have demonstrated for the monomorphic
fragments that sequence divergence did not exceed ~ 10% within samples and within
varieties. But within species, the second criterion was not satisfied (Table 2.1).
Monomorphic bands are not considered to be useful for comparative studies as they occur
in all samples, including all the species in Echinacea. The polymorphic band investigated
in this study did not meet any of Clark and Lanigan’s (1993) criteria but might carry
useful information when used as phenotype. It has been assumed that mapped AFLP
markers from all the regions of the genome would be more reliable for diversity analysis
than unmapped ones. However, such unmapped markers, which are widely distributed
over the genome, can be used for genetic diversity analysis (Virk et al. 2000).
Implications

In the special case when specific fragments that are mapped on chromosomes are
used as AFLP markers for comparative studies, then their homology might be expected

probably at the species level and below. A recent study in garlic (4/lium sativum) found
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that 95% of comigrating AFLP fragments sharing the same position on PAGE contained
homologous sequences (Ipek and Simon 2003). However, it is not practical to sequence
all bands, and Ipek and Simon have sequenced only the mapped marker bands. Proof of
homology cannot be achieved with confidence by Southern blotting in lieu of cloning and
sequencing, as the presence of primer sequences in the AFLP fragments may result in
non-specific cross-hybridization.

Non-homologous products might bias genetic distance estimates between taxa
(Lamboy 1994) and diversity measures. Using nonhomologous and nonindependent
AFLP fragment data as characters will increase homoplasy (Bremer, 1991). However, for
the purpose of identification, the use of AFLP banding patterns as phenotypic characters
is deemed appropriate. Diagnostic characters are in some sense phenetic and in general
morphological characters have proven to be among the most useful ones for diagnostic
purposes and for determining either phenetic or phylogenetic relationships. Therefore,
despite its shortcomings, treating AFLPs as phenotype data is a viable alternative and
makes use of a technique that is reliable, easy to use, with highly reproducible results,
and a system with a high multiplex ratio.

The results of a scientific investigation are limited by the sampling method used
to collect the data set. In AFLP, variables such as primer choice, selective amplification,
and now the size range of the bands scored, may influence one’s results. The upper part
of'the AFLP gel contains bands that may be more difficult to resolve, while the lower
part of the gel is usually well resolved. In this investigation, the bands (273 bp) from the
upper middle portion of the gel (Fig. 2.1) exhibited a much higher sequence identity than

the bands (159 bp expected) from the lower part of the gel. It appears that the upper
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middle part of the AFLP gel might be more reliable in terms of sequence identity.
Caution is indicated when exploiting AFLP data. In studies where the data are treated as
another phenotype, the gel patterns may be useful without proving sequence identity.
However, when extending the use of AFLPs to comparative studies such as genetic
diversity estimates or phylogenetic analyses, the extent of sequence identity for all the

comigrating bands may first need to be demonstrated.

58



CHAPTER THREE
Analysis of diversity of natural populations and commercial lines of Echinacea using
AFLP.

This chapter is a reproduction of the paper published in Canadian Journal of
Botany 82: 461-484 (2004), by Subbaiah M. Mechanda, Bernard R. Baum, Douglas A.
Johnson and John T. Arnason. This chapter meets objectives 1 and 2 of the thesis.
Genetic diversity of the natural populations of Echinacea was estimated using the AFLP
technique. Population genetic analysis was carried out to study the genetic diversity, at
the species and variety levels. The natural populations were grouped and the genetic
relationships between the four species and eight varieties were established by cluster and
PCO analyses. The genetic structure indices were estimated using AMOVA analysis.
Discriminant analysis was used to assess if there is justification and support for the
morphometric classification. Classificatory discriminant analysis was used to obtain
discriminant functions for the identification of species and varieties of Echinacea.
Phylogenetic analysis based on the AFLP phenotype was used to identify
synapomorphies for the groups of natural populations of Echinacea, which will aid in
their identification. [This chapter is a reproduction of the original paper. Editorial

comments have not been included and instead have been addressed in the Discussion. ]

59



Introduction

Echinacea (Echinacea purpurea (L.) Moench, in recent years, E. angustifolia
DC.) are medicinal plants. It was traditionally used by the First Nations of the American
Great Plains and Canadian Prairies for the treatment of sores, wounds and a variety of
other ailments (Tyler 1993; Hobbs 1994; Borchers et al. 2000). The distribution of this
North American indigenous genus ranges from eastern and central United States to
southern Canada.

Echinacea is in increasing demand, and modern uses are mainly for the treatment
of colds and influenza, as well as for wound healing and treatment of candidiasis
(Brevoort 1996; Borchers et al. 2000). Three species are cultivated to some extent and are
sold as phytomedicines: E. purpurea, Echinacea pallida (Nutt.) Nutt. and E. angustifolia,
now considered to be a variety, Echinacea pallida var. angustifolia (DC.) Crong. (see
Binns et al. 2002a). Echinacea purpurea is the main commercial species. Most echinacea
plants are wild crafted (i.e. harvested from the wild) and sold in the market without
authentication to species. However, the pharmaceutical industry requires correct
identification to guarantee the quality of echinacea products. Populations of Echinacea
throughout their range have been severely reduced due to habitat loss and wild crafting
(Foster 1991; Blumenthal 1992). Two species, Echinacea tennesseensis (Beadle) J. K.
Small, (now considered to be a variety, Echinacea pallida var. tennesseensis (Beadle)
Binns, B. R. Baum & Arnason and Echinacea laevigata (C. L. Boynton & Beadle), are
listed as endangered species (US Fish and Wildlife Service), while many wild
populations of E. purpurea contain very low numbers, in some cases consisting of only

few individuals (Binns et al. 2002a). Hence, understanding the genetic properties and
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structure of the remaining Echinacea populations is needed to preserve their gene pool
along with the attempts to minimize damage to habitats (Blumenthal 1992).

Echinacea, the purple coneflower genus, belongs to tribe Heliantheae in the
family Asteraceae. McGregor (1968) was the first to carry out a taxonomic treatment of
the genus using morphological characters and chromosome numbers from wide-scale
sampling of the natural populations. As a result, nine species and two varieties were
described. Binns et al. (2002a) revised the systematics of Echinacea using live and
herbarium specimens from the natural populations. Their work was based on
morphometric analyses and resulted in a classification system that identified four species
and eight varieties. Prior to Binns et al. (2002a), molecular methods were used to
estimate phylogenetic relationships within the Tribe Heliantheae, one by chloroplast
DNA restriction site analysis (Urbatsch and Jansen 1995) and the other using the internal
transcribed spacer (ITS) of the rRNA genes (Urbatsch et al. 2000). Although the scope of
both molecular studies was broader than the genus Echinacea, a number of species from
Echinacea were included (with a single specimen per species, sensu McGregor 1968). A
third molecular study, using RAPD (Random Amplified Polymorphic DNA), with the
goal of estimating the genetic relationships and diversity among the three main
commercial species, E. purpurea, E. angustifolia and E. pallida, was based on 19 seed
accessions (Kapteyn et al. 2002).

Although the RAPD method is attractive for its low cost and simplicity, the more
expensive amplified fragment length polymorphism (AFLP® ; Vos et al., 1995) is now
preferred because of its greater reproducibility (Jones et al. 1997) and greater multiplex

ratio (Powell et al. 1996; see also review by Mueller and Wolfenbarger 1999). AFLP has
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become trendy and is used for (1) the identification of taxa, for example, Badr et al.
(2002) for plant species, Soleimani et al. (2002) for durum wheat cultivars, Buntjer et al.
(2002) for bovine species, and Breyne et al. (2000) for Arabidopsis ecotypes; (2) genetic
diversity studies of species, for example, Lactuca (Koopman et al. 2001); (3)
fingerprinting of cultivars (Lombard et al. 2000); (4) the estimation of phylogenetic
relationships, for example, Lactuca species Hill et al. (1996) Solanum sect. Petota
(Kardolus et al. 1998), and a great number of other papers in many plant and animal
studies.

The present molecular study was undertaken in parallel to supplement and
complement the morphometric diversity study by Binns et al. (2002a) using many
specimens collected from populations that were included in that study. Our objectives
were (1) to assess if the systematics of Echinacea, based on morphometrics (Binns et al.
2002a), is supported by molecular (AFLP) data; (2) to assess whether the comigrating
AFLP bands have identical sequences; (3) to estimate the molecular genetic diversity of
the species and varieties in Binns et al. (2002a), and the diversity within and among the
natural populations; (4) to provide a means for the identification of species and varieties
by employing molecular tools; and (5) to estimate the phylogenetic relationships among
the species and varieties.

Materials and Methods
A flowchart describing our analyses of natural populations of Echinacea is

presented in Figure 3.1.
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Plant material

Leaves from single plants, roots, and seeds of 58 natural populations of Echinacea
were collected from Canada and the midwestern and southeastern United States (Table
3.1). A total of 435 single plant samples of the 58 populations were used for the present
study. These populations and their accession numbers are based on the taxonomic
revision of Echinacea (Binns et al. 2002a). The seeds of some plants were germinated in
a growth chamber, and the seedlings were transferred to pots in a growth chamber and
grown for 1 month at 16 h of light (25 °C): 8 h dark (20 °C) cycle. For AFLP analysis,
single leaves from each population were collected on ice, frozen in liquid nitrogen and
stored at -80 °C. For flow cytometry, five plants were randomly chosen, and three leaves
were used for ploidy measurements for each of the four species and eight varieties. For
chromosome number determination, samples from the root tips of the same five plants
were counted from each of the eight varieties and four species.
DNA analysis
DNA isolation

The cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle 1987)
and the Qiagen Kit for DNA isolation (Qiagen, Mississauga, Ont., Canada) were used to
extract DNA from single leaves. DNA concentration was measured using a Hoefer
DynaQuant™ mini Fluorometer (Hoefer Pharmacia Biotech, Calif., USA), and the DNA

was diluted to 50 ng/ul using TE (Tris 10mmol/L, EDTA 1mmol/L, pH 8.0) or sterile

water.
AFLP procedure and data scoring

AFLP was performed according to Vos et al. (1995) using the AFLP® Analysis
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Fig. 3.1. Flowchart of the steps undertaken in the data acquisition and analyses of the

Echinacea study.
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Table 3.1. Echinacea species and varieties used in the present study, their accession

numbers, and their collection sites.
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System-I (Invitrogen Life technologies, Calif., USA), with some minor modifications as
described in Baum et al. (2001). Briefly, 500 ng DNA was digested with EcoRI and
Msel, and adapters specific to the restriction sites were ligated overnight at room
temperature. The fragments with adapters were amplified with AFLP primers having one
selective nucleotide in the preamplification reaction, with 20 cycles of 94 °C for 30 s, 56
°C for 60 s and 72 °C for 60 s, using the DNA Engine Thermocycler PTC 200 (MJ
Research, Waltham, Mass., USA). The pre-amplification reactions were then diluted 1:50
with TE (Tris 10mmol/L, EDTA Immol/L, pH 8.0). Following a preliminary study that
used 10 EcoRI and 10 Msel primers from the kit on a few selected accessions, the
following two primer sets, each with three selective nucleotides (shown in bold), were
used to evaluate all the accessions:
set 1, D10 Eco-GACTGCGTACCAATTCACC/Mse-GATGAGTCCTGAGTAACCG,
and set 2, G10 Eco- CTGCGTACCAATTCAGC/Mse-GATGAGTCCTGAGTAACCG.
These primers were selected based on amplification results to give an optimum number
of bands (80-100 bands per gel) and the maximum number of polymorphisms detected
per primer. Each EcoR1 primer was end-labelled with **P using T4 polynucleotide kinase
(Invitrogen), and selective amplification was carried out with three selective nucleotides
on both the EcoRI and Msel primer with one cycle at 94 °C for 30 s, 65 °C for 30 s and
72 °C for 60 s. For the next 12 cycles, annealing temperature was lowered 0.7 °C per
cycle from 65 °C to 56 °C, followed by 23 cycles performed at 94 °C for 30 s, 56 °C for
30 s and 72 °C for 60 s. The PCR products were electrophoresed on 6% polyacrylamide
gels, with the AFLP band size marker, 30-330 bp AFLP®*DNA Ladder (Invitrogen), or a

100 bp DNA Ladder (Promega, Wis., USA) in one lane and a representative sample in
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another lane (see Fig. 3.2). The gels were dried and autoradiographed using Kodak
diagnostic X-OMAT film (Eastman Kodak, Rochester, N.Y., USA) at room temperature
for 2-3 d. The representative samples were used to align different gels for band
orientation, comparison, and scoring.

The autoradiograms were visually scored for the presence (1) or absence (0) of
bands ranging in size from 50 to 400 bp for individual samples. A binary data matrix was
compiled for each primer set.

Cloning and sequencing

Two to six samples were used for each species and variety for a repeat of the
AFLP reactions. Instead of using **P-labelled primer, the gels were electrophoresed and
stained using the silver sequence DNA sequencing system (Promega). The bands, a
monomorphic band and a polymorphic band, were chosen at random, excised from the
gels, and eluted by the crush and soak method (Sambrook et al. 1989). The purified bands
were cloned using TOPO TA cloning® kit for Sequencing (Invitrogen). Plasmid DNA
was isolated using the QIAprep Miniprep (Qiagen) plasmid kit, and the purified DNA
was re-suspended in water. The inserts from two to five plasmids per sample were
sequenced using the ABI PRISM Dye terminator Cycle kit and run on a ABI PRISM 377
DNA sequencer (Perkin Elmer-Applied Biosystems, Foster City, Calif., USA).

Cytology
Flow Cytometry

To estimate the ploidy level, samples of the four species and eight varieties (Table

3. 4) were subjected to flow cytometry. Samples, most frequently leaf tissue, were

prepared using the procedure recommended by the manufacturer of the flow cytometer,
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Fig. 3.2. AFLP gel autoradiogram of four populations of Echinacea, using the
EcoRI+ACC and Msel +CGC primer combinations. Arrow 1 points to a monomorphic
band and arrow 2 points to a polymorphic band from which the bands were excised. Lane

M: 100 bp molecular weight marker; lane R: reference individual used in all the gels.
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Ploidy analyser (PA, Partec GmbH, Munster, Germany). Approximately 0.5-cm? leaf or
other tissue material was chopped with a sharp razor blade in 0.5 mL extraction buffer
(combined extraction/staining buffer of CyStain UV solution A, 15 mmol/L Hepes, 1
mmol/L EDTA, 80 mmol/L KCI, 20 mmol/L NaCl, 0.5 mmol/L spermine, 300 mmol/L
sucrose, 0.2% Triton X-100; Partec, GmbH, Munster, Germany) in a plastic Petri dish.
The suspension containing nuclei was filtered through 30-um CellTrics® disposable filter
(Partec) directly into the sample tube and incubated for 0.5 to 3 min, then twice the
amount of staining buffer was added (CyStain UV solution B, 15 mmol/L DTE and 2
mg/L DAPI; Partec), and the sample was analysed in the Partec flow cytometer (Partec)
with UV excitation. For daily optimal performance and to achieve the best system
alignment of the flow cytometer, Calibration Beads UV (Partec) were used. Readings
were reported as average DNA amounts from up to 10,000 cells read as counts.
Chromosome counts

Echinacea is mainly diploid (2n=22) with a few tetraploid (2n=44) entities and
some triploid (2n=33) hybrid populations (McGregor 1968). To identify the putative
hybrids in natural populations, chromosomes were counted for every species and variety.
To maximize the number of metaphase cells, root tips were collected between 0800 and
0900 in cold water on ice. Five root tips collected from each plant were refrigerated
overnight, fixed for 24 h in 95% ethanol-glacial acetic acid (3:1), and washed three times
in 70% ethanol for 1 h each. The root tips were stained with Snow’s stain (Snow 1963)
for 2-3 d and washed 3 times in 70% ethanol for 1 h each, until the chromosomes were

counted. Root tips of about 1-2 mm were squashed in 45 % glacial acetic acid with a drop
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of glycerine and viewed under 1000x magnification with a Zeiss phase contrast
microscope (Zeiss, Oberkochen, Germany). For each sample, five or more cells were
counted.

Data analysis

Most of the following analyses were carried out on the data matrix for each
individual primer set and on the adjoined matrices. A decision was made to stop
analyzing more data once all the individuals proved distinct in their banding phenotypes.
Population genetic analysis

To estimate genetic variation within and among the natural populations of
Echinacea, population genetic analysis was carried out using POPGENE (Yeh and Boyle
1997) Version 1.32 (2000). The descriptive statistics obtained, including allele frequency,
gene diversity, genetic distance and F- statistics, were computed and compared with the
results obtained with TFPGA (tools for population genetic analysis, Miller 1997) to
cross-check with results obtained from POPGENE. To assess the relationship between
species and varieties based on genetic distances obtained, cluster analysis was performed
by UPGMA (unweighted pair group method with arithmetic mean, Sokal and Michener
1958), and dendrograms were constructed using NTSYS-pc (Rohlf 2000) Version 2.02
(2002).

To determine the haplotypes in each data matrix from each primer set, the simple
matching coefficient (Sokal and Michener 1958) was calculated first and the resulting
matrix then subjected to a cluster analysis, using NTSY Spc. The haplotypes that differ
were retained in a matrix form for each primer set for analysis of molecular variance

(AMOVA, Excoffier et al.1992). AMOVA was used also to obtain some estimates of
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genetic structure indices. A three level hierarchy of population groups, local populations,
varieties, and species, was used in AMOVA. Hierarchical analysis of variance partitioned
the total variance into covariance components due to intraindividual, interindividual and
inter-population differences, as detailed in Schneider et al. (2001). The purpose of the
AMOVA analysis was to determine the genetic structure for various groups in the
hierarchy as defined. Although AFLP is a dominant marker system, at least the way in
which it was used here, it does not need to be disqualified for AMOVA as explained by
Huff et al. (1993) and Peakall et al. (1995), as long as it is understood that it is the
proportion of the AFLP phenotypic variance at different hierarchical levels that is
calculated when the AFLP profile of each individual is treated as a haplotype. Thus, a
number of indices, such as linkage disequilibrium, were not calculated since they are
relevant only for co dominant markers. A minimum spanning tree (MST) was also
computed among all the haplotypes. AMOVA was performed using Arlequin version
2.001 (Schneider et al. 2001).
Genetic distance and geographic distance between populations

Genetic distances between populations, with and without the putative hybrid
population, were obtained as mentioned previously using POPGENE, based on Nei’s
genetic distance (1972). This was done separately for each primer set and the adjoined
sets, and separately for the species and the varieties with and without the putative hybrid
population. Geographic distances between populations were calculated with the program
INVERSE (a DOS program, obtained from Victor Fraenckel, Windsway Company, 1997,

SCOTIA, N.Y., USA) using the longitude and latitude of the population as input.
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Principal coordinate analysis

To study and portray the genetic relationships among the species, varieties, and
population in phenetic space, a principal coordinate analysis (PCO) was performed on
each genetic distance matrix, using NTSYS-pc. For each case, a MST was calculated
from the same distance matrix and then superimposed on the three dimensional PCO plot.
Mantel test

A Mantel test was used to test the null hypothesis that there is no association
between each pair of distance data matrices of the following relationships: genetic
distance obtained from each primer set with the combined primer sets, between genetic
distances and between the populations and their geographic distances. The correlations
and normalised Mantel Z statistic (Mantel 1967) were calculated with NTSYS-pc.
Canonical and classificatory discriminant analysis

Group determination, (i.e. classes) was preset according to morphological
identification of the specimens (Binns et al. 2002a). The analyses were carried out for
both the species and the ensemble of varieties. The AFLP phenotypes were expressed as
binary variables with O or 1 value. Binary variables need not disqualify the various
discriminant analyses (Rao 1952; Cochrane and Hopkins 1961; Gilbert 1968;
Krzanoswski 1975). Canonical discriminant analysis (Kshirsagar 1972), an ordination
method, was used to assess if there is justification to support first, the species
classification, and second, the variety classification, based on morphology (Binns et al
2002a). Canonical discriminant analysis (in this case using AFLP variables) assumes
prior knowledge of the grouping of the individuals and does not use the variables (in this

case morphological variables) by which those individuals were grouped for the analysis.
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Classificatory discriminant analysis was performed to obtain the appropriate discriminant
functions to be used to identify an unknown sample based on its AFLP phenotype using a
reduced set of band patterns. Two approaches were taken, a conventional (Anderson
1984; Kshirsagar 1972), or parametric, and a non-parametric method using the k-nearest
neighbor method (Cover and Hart 1967), to generate a density estimate for each group
and a classification function. For both methods, the same Mahalanobis distances based on
the pooled covariance matrix were used, in which variables with zero variance that is,
invariant variables, were deleted.
Canonical discriminant analysis

Based on the pooled covariance matrix, squared distances between class means
were computed. The test of the distances between these class means, i.e. the Mahalanobis
distances, were ignored, since the variables are binary in our case and therefore do not
comply with the assumption of normality. Therefore, the analyses were used as a guide,
without relying on the various test statistics. To find the nature of the group differences,
the within canonical structure was examined, and the variables most highly associated
with each of the first three axes were summarized. Plots of the first three canonical
variables were made for visual examination to determine the degree of overlap between
the classes, that is, the species and the varieties.
Classificatory discriminant analysis

Ten observations of the 435 specimens were haphazardly selected from the main
data matrix and assembled into a separate matrix as test data, with their labels retained.
Univariate test statistics from the main data matrix, especially the F-values and their

associated probability levels for one way analysis of variance, were used to order the
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variables (fragments) in descending order of importance (relative weights) in the
classification. With this information, a number of consecutive runs were made including
the test data, first removing one at a time first variables with non-significant F-values,
then the least significant variables, until the classification results that included those of
the test data became unacceptable, which is 99% correct classification based on the
classification criterion from the main data matrix. Cross validation (Lachenbruch and
Mickey 1968) was also available as part of the SAS program and used to assess how the
discriminant function classifies the observation that it excludes (as an alternative to the
test data) from the main data matrix. In both the parametric and the nonparametric (k-
nearest neighbour) analyses the pooled within-group covariance matrix was used to
calculate the squared distances. In the non parametric analysis, k£ was set to two extremes,
2 and 100 in the case of species, 2 and 60 in the case of varieties, after computing the &
intervals between 2 and 100 for both species and varieties.

To obtain the confidence interval of the correct classifications for both the
parametric and nonparametric analyses, 100 bootstrap runs were carried out and the mean
correct classification and its standard deviation were summarized. Repeated 100
bootstrapped runs were performed by deleting the least important variables, one at a time,
for each of the following runs starting from the initial 100% correct classification results,
down until the 90% correct classification was reached.

All computations were done using SAS (SAS Institute Inc. 2002) running on
Windows 2000. For bootstrapped runs, a SAS macro, obtained from Nancy Andes and

presented at the Classification Society of North America Annual Meeting, 14-16 June
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1986, was used and modified to accommodate the non-parametric analysis (available
from the authors).
Sequence alignment
To determine if the comigrating bands were identical across species and varieties,
the sequences of a monomorphic band and those of a polymorphic band were aligned
using CLUSTAL W (Thompson et al. 1994) depicted with GENEDOC (Nicholas and
Nicholas 1997) and their degrees of similarities were assessed. All the sequences for each
population, variety, and species separately, were summarized by setting the percentage
similarity threshold at 100%, 95% and 90% levels. In addition, to determine the similarity
of the sequences with an already-sequenced gene in Genbank® (National Centre for
Biotechnology Information, NCBI), the Basic Local Alignment Search Tool (BLAST,
Altschul et al.1990) was used.
Phylogenetic analysis

Phylogenetic analysis was carried out using PAUP* Version 4.0 (Swofford 1999)
on the 435 samples to group the populations based on the AFLP phenotypes. A
haphazardly selected individual from among the E. purpurea individuals belonging to the
functional in-group was used as the out-group for rooting. This choice of out-group was
based on the results of Binns et al. (2002a) that E. purpurea was the sister group of all the
species of Echinacea. A neighbor joining (NJ) tree was generated, and the distance
criterion was set to search for the NJ trees with 1000 bootstraps repeats, followed by the
computation of the strict consensus majority rule tree from them. Subsequently, the
parsimony criterion was set to carry out a tree analysis and description of the tree. The

resulting tree was condensed from 435 individuals into blocks. The tree analysis was used
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to identify synapomorphies of the blocks, with the condition that these blocks would not
contain the same variables in the synapomorphies with reversals.
Results
AFLP procedure and data scoring

A total of 124 bands were scored, with 62 bands for the D10 primer set and 62
bands for G10 primer set (a representative autoradiogram is provided in Fig. 3.2). Some
of the samples did not produce any bands or produced only weak bands for either primer
set. These were assigned question marks during data scoring. Subsequently, most samples
with question marks were omitted from the analyses. Thus the number of populations was
reduced from 58 to 52 and the original 577 samples were reduced to the 435 samples that
were used in this study (Table 3.1). Three data matrices were prepared for the analyses:
(1) the matrix resulting from the D10 primer set, (2) the matrix of the G10 primer set, and
(3) the adjoined D10G10 matrix. The total number of scored values (loci) in the adjoined
D10G10 matrix was 53 940, of which 40 455 were polymorphic (75.5%) and 13 485
were monomorphic (24.5%). Comparisons between the matrices D10, G10 and the
adjoined D10G10, are reported under Mantel tests section.
Cloning and sequencing

A monomorphic band of 273 bp and a polymorphic band of 159 bp (Fig. 3.2)
were excised and cloned from three samples of each species and variety. For the
monomorphic band, a total of 79 sequences were recovered and aligned. For the
polymorphic band, a total of 48 sequences were aligned. The resulting alignment
statistics (Table 3.2) show that the monomorphic band is not completely identical for all

the comigrating bands. At the threshold of 100% sequence similarity, the lowest value of
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identical bands was found in E. pallida var. angustifolia from among the varieties and
still lower from within species (Table 3.2). Percent identity increased with decreasing

threshold down to 90% (Table 3.2).

In the case of the polymorphic band the comigrating bands were found to be much

more dissimilar (Table 3.2). The lowest value within variety was obtained in .

atrorubens var. paradoxa (25.46%) and within species; the lowest value was obtained in

E. pallida (23.66%) at the 100% threshold similarity. In both monomorphic and
polymorphic cases the comigrating band similarities barely increased with lowering
threshold down to 90%.

When calculated for all the species together, comigrating bands in the
monomorphic case was 58% similar at 100% threshold similarity, but only 24% in the
polymorphic bands. Lowering the threshold similarity to 90% resulted in a substantial
increase of similarity for the monomorphic bands to 90%, whereas it barely increased
among the comigrating polymorphic bands (Table 3.2). Similarity searches of the
different sequences obtained did not result in significant matches with any known
sequences in the GenBank database. More details on the results and nature of the
comigrating bands are presented in a separate paper (Mechanda et al. 2004a).
Cytology
Flow cytometry

Flow cytometric analysis of the Echinacea species and varieties did not
corroborate the expected chromosome number according to McGregor (1968) (Table

3.3). The putative triploids and tetraploids produced a relative amount of DNA content

78



measure of 81.22 counts compared with the diploids with readings ranging from 40.20 to
71.00 counts.
Chromosome counts

Our chromosome counts revealed only one triploid (2n=33) and one tetraploid
(2n=44) in a plant identified as E. pallida var. pallida. Plants from all the other species
and varieties were diploid 2n=22 (Table 3.3).
Data analysis

A first analysis of the D10 and G10 adjoined matrices indicated that each
individual could be uniquely identified by its AFLP pattern or phenotype, that is, 435
individuals could be characterized by the 124 polymorphic bands. At that point we did
not include more data sets for subsequent analyses.
Population genetic analysis

The gene diversity was marginally higher for all the species together at 0.4596
than for all the varieties together at 0.4506 when species that do not contain varieties
were included with the varieties (Table 3.4). Among the four species, E. purpurea had the
highest value at 0.4627 and E. pallida had the lowest at 0.307, whereas the remaining two
species had values close to that of E. pallida. The three varieties of E. atrorubens had
similarly lower rates of gene diversity. The varieties of E. pallida had higher values than
the varieties of E. atrorubens, except for E. pallida var. tennesseensis which had the
lowest level at 0.1815.

The number of polymorphic loci was generally higher in the species compared to
the varieties within species. The species ranged from 106 to 123 whereas the varieties

ranged from 54 to 113 polymorphic loci. Percent polymorphic loci were highest in
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Table 3.2. Sequence identity (%) within the monomorphic and the polymorphic bands in
Echinacea, within categories at various threshold levels (100%, 95%, and 90% similarity

thresholds) in their sequence alignment.
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Category Monomorphic Polymorphic

100%  95%  90% 100%  95% 90%
E. atrorubens var. atrorubens 9124 9598 9598 3044 33.33 33.33
E. atrorubens var. neglecta 89.74 9450 9450 3333 33.33  33.33
E. atrorubens var. paradoxa 91.57 9743 9743 3233 3333 33.33
E. atrorubens 80.65 94.89 96.71 2546 2645 28.95
E. laevigata 98.90 9890 9890 31.44 3333 33.33
E. pallida var. angustifolia 82.78 8791 9121 5403 54.03 54.03
E. pallida var. simulata 88.64 88.64 88.64 4213 42,13 42.13
E. pallida var. tennesseensis 9487 9487 94.87 36.0 36.0 36.0
E. pallida var. pallida 9230 9230 9230 33.33 3333 3333
E. pallida 75.82 87.17 89.01 23.66 2484 26.70
E. purpurea 79.48 91.57 91.57 45.00 45.00 45.00
All species 58.02  87.22 90.14 2422 2546 26.71




E. purpurea with 99.19% and lowest in E. laevigata, with 85.48% (Table 3.4). The two
varieties, E. pallida var tennesseensis and E. atrorubens var. paradoxa, exhibited the
lowest percent polymorphic loci. Similar gene diversity and percent polymorphic loci
were found in the D10 data set alone but at a slightly higher level, whereas in the G10
data set alone, some varieties exhibited a higher level of diversity (data not shown).

For the AMOVA analysis, the number of haplotypes in the D10G10 matrix was
reduced from the initial 435 to 389 after the putative hybrids and individuals with missing
values were deleted. In the three-level AMOVA of four species, with 48 populations
(Table 3.5), the variation was partitioned nearly equally within populations (40.53) and
among populations within species (40.38). In contrast, in the three-level AMOVA of 10
taxa (i.e. the two species without varieties and the eight varieties of the other two
species), and among populations within varieties (Table 3.6) the partitioned variation
among taxa was slightly greater than among populations within taxa (31.02% and 27.2%,
respectively), and the variation within populations was 91.8%. In other words, the
variance components for populations within species were greater than that of among
populations within varieties. The inclusion of the putative hybrids (the additional
population, Table 3.1) did not substantially change the results (data not shown). In the
AMOVA analysis of all the populations where the putative hybrid population was
included within the group, the variance component among populations was 57%, greater
than the 43% component within populations (Table 3.7).

Cluster analysis

UPGMA analysis using genetic distances clustered E. atrorubens and E. pallida
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at the 0.11 phenon line. E. purpurea clustered with the former group at the 0.125 phenon
line, whereas E. laevigata was the most genetically distant species from the group (Fig.
3.3). However, the varieties of the same species (E. purpurea and E. laevigata without
varieties were included in the computation of the distances) did not cluster together (Fig
3.4).

Genetic distance and geographic distance between populations, and Mantel tests

Pair-wise geographic distances were computed only for E. atrorubens and E.
pallida populations (Table 3.1), since the few populations of E. purpurea that were
collected had originated from commercial lines (Table 3.1). Material of E. laevigata was
insufficient for this purpose (Table 3.1). Three matrices of pairwise genetic distances
were summarized for all populations, for the populations of E. atrorubens, and for the
populations of E. pallida for each primer set and for the adjoined matrix of the two (not
shown), each to be subjected to a Mantel test with the geographic distances. Similarly, for
each primer set separately, the genetic distances between the four species, with or without
the putative hybrid, and those between the 10 taxa, with or without the putative hybrid,
and the adjoined matrix of the D10 and G10 primer sets, were calculated (not shown)
according to the methods described.

Mantel tests between the different distance matrices (Table 3.8) led to the
rejection of the hypothesis that there was no association among the different
combinations of primer sets for each category in all cases except two. These two cases
are the test of the D10 primer set with the G10 set in 10 taxa and the D10 set with the
D10G10 set in the four species (Table 3.8). Thus, in the majority of the cases there was

an association between the combinations of the data sets. This association was
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accompanied by a high correlation among the data sets, with the exception of the D10
and the G10 sets of the 10 taxa with and without the putative hybrid and with all the
populations. It is noteworthy that the D10 distance data with the adjoined D10G10 data
were highly correlated (0.996), but they were not associated as a result of the Mantel test
(Table 3.8).

Mantel tests between geographic distances and genetic distances yielded very
weak correlations and in most cases indicated no association between geographic
distribution and genetic distances (Table 3.9). The hypothesis that there was lack of
association between the genetic distances of the D10 primer set and the geographic
distances was rejected in all the populations and in all cases with E. pallida. In each of
the four cases that suggested some association between the genetic distances and the
attendant categories, the correlation was low to very low (Table 3.9).

Principal coordinate analysis

PCO analysis of the genetic distance matrix of the four species (Fig. 3.5) on the D10G10
data set pointed to E. pallida as a pivotal species, from which E. purpurea and E.
atrorubens are nearly equidistant (Fig. 3.5, note the distortion of the rendition in three
dimensions), whereas E. laevigata is the most distant. PCO of the varieties, including the
two species lacking varieties, did not support coherence of species from the varieties
(Fig. 3.6). Nonetheless, based on the MST, the two ordinations identified E. pallida as a
pivot species, from which variation radiated to various varieties and (or) species. Finally,
in the clustering and ordination of the varieties E. atrorubens var. atrorubens was

isolated from the two other conspecific varieties.
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Table 3.3. Ploidy analysis of Echinacea species and varieties by chromosome counting

and flow cytometry.
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McGregor’s Binns et al. Chromosome Chromosome Flow

(1968) (2002) number = 2n number = 2n cytometry

classification classification current work (McGregor, 1968)  reading®

E. purpurea E. purpurea 22 22 54.66

E. angustifolia E. pallida var. 22 22 40.20

var. angustifolia  angustifolia

E. pallida E. pallida var. 33,44 44 81.22
pallida

E. sanguinea E. pallida var. 22 22 43.66
sanguinea

E. tennesseensis  E. pallida var. 22 ND 47
tennesseensis

E. atrorubens E. atrorubens 22 22 68.42
var. atrorubens

E. paradoxa var.  E. atrorubens 22 22 68.33

paradoxa var. paradoxa

E. paradoxa var.  E. atrorubens 22 22 71

neglecta var. neglecta.

E. simulata E. pallida var. 22 22 47.2
simulata

E. laevigata E. laevigata 22 22 42.77

E. angustifolia E. pallida var. ND 22,44 40.22

var. strigosa

angustifolia




Note: Analysis based on five replicates, with five to eight cells per replicate. ND, not
determined.
? Average DNA amounts from up to 10,000 cells read as counts. Numbers in bold are new

counts.



Table 3.4. Single population descriptive statistics for the species and varieties of

Echinacea, for the D10G10 adjoined matrix.
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Species, varieties

Sample Nei’s (1973) gene  No. of Percent
size diversity, H (#SD) polymorphic polymorphic
loci loci

E. atrorubens var. atrorubens 38 0.2484+0.1905 88 70.97
E. atrorubens var. neglecta 48 0.2582+0.2055 88 70.97
E. atrorubens var. paradoxa 41 0.2143+0.2217 62 50.00
E. atrorubens 127 0.3831£0.1305 121 97.58
E. laevigata 16 0.3733+0.1684 106 85.48
E. pallida var. angustifolia 52 0.4180+0.1356 115 92.74
E. pallida var. pallida 34 0.376610.1470 112 90.32
E. pallida var. sanguinea 67 0.3916+0.1445 113 91.13
E. pallida var. simulata 27 0.3517£0.1680 109 87.90
E. pallida var. tenneesseensis 18 0.1815+0.2161 54 43.55
E. pallida 198 0.370310.1535 119 95.97
E. purpurea 83 0.462710.0674 123 99.19
All species 423 0.459610.0691 123 99.19
All varieties 423 0.450610.0750 123 99.19

®Includes E. laevigata and E. purpurea, which do not have varieties.



Table 3.5. Summary of analysis of molecular variance (AMOVA) for the four species of
Echinacea and their populations (primer sets D10 and G10 AFLP data matrices were

combined).
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Source of variation df Sum of Variance Percent of

squares components total variation
Among species 3 1372.994 4.40638* 19.09
Among populations 47  3770.682 0.32053* 40.38
within species
Within populations 338  3161.291 9.35293* 40.53
Total 388  8304.967 23.07985 100.00

Note:*, Significant (P < 0.05) values based on 1,023 permutations. df = degrees

of freedom



Table 3.6. Summary of analysis of molecular variance (AMOVA) for the 10 taxa (i.e. the
two species without varieties and the eight varieties of the other two species) of

Echinacea (data matrices of AFLP primer sets D10 and G10 were combined).
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Source of variation df Sum of Variance Percentage of
squares components variation
Among varieties 9 2883.414 6.94489* 31.02
Among populations within varieties 41 2260.262 6.08823* 27.20
Within populations 338 3161.291 9.35293* 41.78
Total 388  8304.967 22.38605 100.00

Note:*, Significant (P < 0.05) values based on 1,023 permutations.

df = degrees of freedom



Table 3.7. Summary of analysis of molecular variance (AMOVA) for all the populations
of Echinacea in the study (data matrices of AFLP primer sets D10 and G10 were

combined).
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Source of variation df Sum of Variance Percentage of
squares components variation

Among populations 51 5227.452 12.31057* 56.67

Within populations 342 3218.891 9.41196* 43.33

Total 393 8446.343 21.72253 100.00

Note:*, Significant (P < 0.05) values based on 1,023 permutations. df = degrees of

freedom



Table 3.8. Summary of Mantel tests, with the genetic distance matrices obtained from the

data of the primer sets (D10, G10, and D10G10).
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Canonical discriminant analysis

Species positions on the canonical discriminant analysis plot based on the D10G10 data
set was similar to that in the PCO (Fig. 3.7). The AFLP variables were arranged
according to their order of “importance”, that is, the magnitude of their F-values (Table
3.10). Generally, the D10 variables appear to have greater importance than the G10
variables in the D10G10 set; however a great number of G10 variables still affect the
placement of the individual samples on the ordination plot (Fig. 3.7). An examination of
the pooled within canonical structure of the D10G10 data identified the first six variables
with the greatest [-values, all belonging to the D10 primer set (Table 3.12) with greatest
weight on axis 2. Of the eight variables with greatest weight on axis 1, two belong to the
G10 primer set and the rest to the D10 primer set. Wilks’ A statistic was 0.001 (P>F was
<0.001), that is, the null hypothesis that the means of at least two species are equal was
rejected. The canonical correlation coefficients of the three axes were 0.966, 0.961 and
0.874 respectively, indicating an overall goodness of fit of the canonical variates to their
species group (Pimentel 1979: 223). When individual samples were grouped by variety,
including the two species not divided into varieties, the three-dimensional plot exhibited
four well-defined clusters of points (Fig. 3.8): (1) E. atrorubens var. paradoxa, (2) E.
atrorubens var. neglecta, (3) E. purpurea, and (4) the remaining varieties, including the
species E. laevigata. Although the results of Wilks’ A statistic was 0.0 (P>F was <0.001),
that is, the null hypothesis that the means of at least two varieties are equal was rejected;
and although the canonical correlation coefficients of the first three axes were 0.988,

0.987, and 0.967, respectively, indicating an overall goodness of fit of the canonical
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Table 3.9. Summary of Mantel tests with the geographic and the genetic distance

matrices obtained from the data of the primer sets (D10, G10 and D10G10).
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Fig. 3.3. Genetic relationships of the species of Echinacea based on the AFLP
phenotypes. The dendrogram was constructed using the Dice coefficient of similarity

(Dice 1945) and UPGMA (unweighted pair group method with arithmetic mean)

clustering.
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Fig. 3.4. Genetic relationships of the varieties of Echinacea based on the AFLP
phenotypes. The dendrogram was constructed using the Dice coefficient of similarity
(Dice 1945) and UPGMA (unweighted pair group method with arithmetic mean)

clustering.
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Fig. 3.5. Three dimensional plot of the principle coordinates analysis of the AFLP
data of the Echinacea species. Variation explained by axis 1 is 69.93%, axis 2,
29.53%, and axis 3, 1.54%. MST (minimum spanning tree) superimposed,

connecting the species points.
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Fig. 3.6. Three dimensional plot of the principle coordinates analysis of the AFLP
data for the Echinacea varieties including Echinacea laevigata and Echinacea
purpurea, which do not have varieties. Variation explained by axis 1 is 42.82%; axis
2,22.89%, and axis 3, 13.99%. MST (minimum spanning tree) superimposed,

connecting the variety points.
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Table 3.10. Canonical discriminant analysis of the four Echinacea species.
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Variable F-Value Canonical axis 1 Canonical axis 2 Canonical axis 3
D10 144 190.10  -0.20 0.33 -0.12
D10 137 184.33  0.20 0.33 -0.10
D10 108 149.67  0.06 0.35 0.02
D10 138 11697  0.10 0.27 -0.18
D10 132 83.81 0.13 0.22 -0.06
D10 184 80.52 -0.16 0.20 0.03
D10 131 80.15 0.24 -0.05 0.05
D10 178 69.13 0.10 0.21 0.03
G10_140 51.80 0.17 0.11 0.02
D10 119 51.16 0.19 -0.02 0.01
D10 134 51.01 0.16 0.11 -0.06
G10_097 50.58 -0.04 0.19 0.07
D10 228 49.95 0.19 0.01 -0.02
D10 179 49.37 0.05 0.19 0.04
D10 113 48.31 -0.06 0.14 -0.22
G10_069 45.55 0.17 0.01 0.10
D10 _110 43.76 -0.09 0.16 0.03
D10 135 42.47 -0.01 0.18 -0.08
D10 159 42.22 0.13 0.13 0.01
D10 122 42.21 0.08 0.17 0.07
G10 248 39.31 0.16 -0.00 -0.11




Variable F-Value Canonical axis 1 Canonical axis 2 Canonical axis 3
D10 148 39.20 0.17 0.02 0.02
D10 123 37.87 0.16 -0.02 0.12
D10 221 36.63 0.16 0.04 0.01
D10 180 33.82 0.15 -0.03 0.08
D10 176 33.05 0.00 0.17 0.03
D10 121 31.82 0.13 0.07 0.06
D10 203 30.42 -0.10 0.10 -0.10
D10_169 27.44 0.11 0.09 0.04
D10 _130 26.43 -0.13 0.02 0.07
D10 _160 23.65 0.13 0.02 0.05
D10 156 23.30 0.10 0.09 0.05
D10 190 20.77 0.12 -0.02 -0.08
G10 113 20.10 -0.02 0.13 -0.01
D10 117 18.47 0.11 0.03 -0.01
G10 095 18.13 -0.06 0.10 0.02
G10 150 17.54 0.02 -0.03 0.07
D10 182 17.37 0.05 -0.09 0.10
G10_145 16.64 0.03 0.11 0.01
G10 143 13.66 0.08 0.04 0.07
D10 140 13.45 0.06 0.07 -0.09
D10 230 13.12 -0.01 -0.09 -0.08
D10 164 12.42 0.05 -0.09 0.01




Variable F-Value Canonical axis 1 Canonical axis 2 Canonical axis 3
D10 172 11.82 -0.00 0.10 0.03
G10_186 11.47 -0.06 0.07 -0.03
D10 216 11.33 -0.02 -0.08 0.02
D10 188 11.26 0.07 -0.02 -0.10
G10 106 11.00 -0.01 0.09 -0.00
G10_120 10.85 0.03 -0.07 0.06
G10 141 10.56 -0.07 0.04 -0.09
G10 228 10.53 -0.07 0.01 -0.07
G10_114 10.40 0.08 -0.04 0.01
D10 212 10.23 -0.03 -0.01 0.04
G10_128 10.21 0.03 0.06 -0.00
G10_188 10.16 0.08 -0.03 0.05
G10 132 10.10 -0.04 0.08 0.01
D10 170 9.35 -0.01 -0.06 0.07
D10 211 9.14 0.07 0.03 0.03
D10 152 8.74 -0.07 0.01 -0.08
G10 179 8.24 0.02 -0.06 0.02
G10 090 8.20 0.03 0.06 0.06
D10 150 8.17 -0.01 0.08 0.01
D10 115 8.15 -0.04 0.06 -0.04
G10 210 7.74 -0.04 0.02 0.08
D10 154 7.70 0.06 -0.05 0.02




Variable F-Value Canonical axis 1 Canonical axis 2 Canonical axis 3
G10 125 7.60 -0.02 0.04 -0.12

G10 080 7.12 -0.03 0.04 -0.10

G10 148 6.77 -0.05 0.05 0.00

G10_155 6.77 -0.04 0.06 -0.01

G10 260 6.67 -0.06 0.04 -0.02

G10 142 6.60 0.04 0.02 -0.00

G10_199 6.53 -0.02 0.01 0.09

G10 225 6.44 -0.02 0.07 -0.04

D10 205 6.21 -0.03 -0.06 0.06

Note: Variables arranged in descending order of magnitude of their F- values.

Pooled within canonical structure, variables of the first three axes provided.

P> F was < 0.001 for all variables.



Table 3.11. Linear discriminant function based on the 10 variables with the highest F-

values for the identification of Echinacea species.

97



Variable Discriminant Discriminant Discriminant Discriminant EAT23881° EA014°

function 1 function 2 function 3 function 4 (Echinacea (Echinacea
atrorubens) atrorubens)

Constant -10.81245 -11.88005 -16.90104 -9.03487

D10-144 11.70903 4.75299 9.49310 2.43188 1 1

D10-137 -2.67348 1.32700 3.88900 0.63938 0 1

D10-108 6.52589 11.43440 11.50515 2.04990 0 1

D10-138 1.75664 -1.96446 3.69608 -2.96640 1 1

D10-131 0.99365 2.85766 4.75618 10.74973 0 1

D10-184 7.87340 5.43386 1.72070 -1.03755 1 1

D10-132 -2.34357 -2.59267 -1.53488 -6.27877 0 1

D10-178 -6.47970 0.38531 -2.67320 -1.39134 0 1

D10-134 -0.52247 2.24383 2.42074 1.21010 0 1

D10-119 3.58087 4.93930 5.56465 7.69010 1 0

Tally for each discriminant function”

Echinacea 14.11532 1.28164 3.56821 2.91684

atrorubens

Echinacea 6.02694 11.99488 16.3717 3.62741

pallida

Note: Discriminant function 1: Echinacea atrorubens; 2: Echinacea laevigata; 3:

Echinacea pallida; 4: Echinacea purpurea. In the two right-most columns are AFLP



phenotypes of two samples derived from two populations (Table 1) taken from the test
data set.

? 0, absence of phenotype in the population; 1, presence of phenotype in the population.
® Tally was calculated for all phenotypes present in the sample populations, minus the

control. Highest values for the identified species are in bold.



Table 3.12. Mean and standard deviation (SD) of bootstrap results of nonparametric

discriminant analyses of Echinacea species and varieties.
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Category K values Datasettype Mean SD

Species 2 Training set  99.04  0.49
2 Test 9336 193
60 Training set  97.32  0.74
60 Test 94.72 1.54

Varieties 2 Training set 9937 1.08
2 Test 91.77 230
100 Training set 98.51 1.89
100 Test 89.66  2.59




variates to their varietal group; clearly, the plot of varieties does not reflect their
taxonomic disposition.

Classificatory discriminant analysis

Parametric analysis (linear model)

Using the linear discriminant function, the total correct classification for the four
species was 96.67%, cross-validated by 97.22% in the training data and 92.59% in the
test data of 10 individual samples. After eliminating the least important variables one at a
time, these values gradually declined down to 90.51%, 92.82%, and 81.48%,
respectively, at which point the analysis was stopped, leaving us with the 68 most
important variables, based on the F values (not shown). The same analysis for the eight
varieties yielded 99.13% total correct classification, cross-validated by 93.33% in the
training data, and 93.18% for the test data. After eliminating the least important variables
one at a time, these values gradually declined to 97.46%, 92.67%, and 88.63%,
respectively, with the model retaining the 74 most important variables, based on their F-
values (not shown). Because the linear model did not meet the criteria of 99% correct
classification results of the test data (outlined in the Methods section), no bootstrapping
was performed. However, the linear model can still be used for the purpose of
identification, as in the example below.

Non-parametric analysis

A summary of the results of k-nearest neighbor analysis, subjected to bootstrap
analysis, is presented in Table 3.11. The training data was above 99% mean correct
classification based on 100 bootstraps. Gradually increasing the k parameter to extreme

values, 60 in the case of species and 100 in the case of varieties, yielded 97.32% correct
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classification for the species and 98.51% for the varieties. As expected, the test data
always yielded slightly lower classification results. Thus, it might be possible to identify
an individual Echinacea plant to a species or a variety using discriminant functions (data
not shown).

An example of using the discriminant function based on linear model for the
identification of a specimen from among the test data is provided in Table 3.12. This
particular discriminant function was obtained from the 10 most important variables, that
is, those with the highest F-values. The classification results with these 10 variables are
indeed lower than those above, that is, 91.45% for E. atrorubens, 83.33% for E.
laevigata, 88.36% for E. pallida and 98.63% for E. purpurea, and the overall correct
classification results is 82.94% without having obtained bootstrap results.

To use any discriminant function, the user first obtains the AFLP phenotype (in
this example 10 specific bands), then scores for presence/absence of bands (Table 3.12).
Next, the user takes the constant, then multiplies each variable’s score (in our case, 0 or
1) by the corresponding coefficient, retaining its sign (whether positive or negative), and
sums all products in the column for each species. The column of the species with the
highest value identifies the species. In this instance, two samples were taken from the test
data set, one sample identified as E. atrorubens and one as a putative hybrid, both based
on morphology (Table 3.1). According to the sum of each column, E. atrorubens was
identified correctly and the putative hybrid was assigned to E. pallida (Table 3.12).
Phylogenetic analysis

A summary of NJ phylogram of the 435 samples is presented in Fig. 3.9.

Information on the major clades is provided in Table 3.13. Clearly, the results support
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Fig. 3.7. Three-dimensional canonical discriminant plot of the populations of Echinacea
grouped into the four species from the AFLP phenotypes. Variation explained by axis 1 is

47.76%, axis 2, 41.36%, and axis 3, 10.88%.
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Fig. 3.8. Three-dimensional canonical discriminant plot of the populations of Echinacea
grouped into varieties including Echinacea laevigata and Echinacea purpurea, which do
not have varieties, based on the AFLP phenotypes. Variation explained by axis 1 is

33.39%, axis 2, 31.90%, axis 3, 11.72%. Each circle represents an individual.
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E. purpurea as a group, with 82 out of 84 individuals in the AFLP phenotype data (Fig.
3.9 box 13, Table 3.13). Three variables were found to support the E. purpurea clade.
Two individuals labeled E. purpurea were placed among other varieties in box 9. The
results also clearly support E. laevigata as a distinct group, since all the 16 individuals
fell in this clade (Fig. 3.9 box 4, Table 3.13) but without noticeable synapomorphies. The
two other species, E. atrorubens and E. pallida are not supported by the AFLP phenotype
data. For instance, some individuals (6 of 38) belonging to E. atrorubens var. atrorubens
(Fig. 3.9 box 1, Table 3.13) are found in other boxes. Although box 2 is supported by a
synapomorphy, it contains individuals belonging to varieties of E. pallida, whereas
different individuals of the same varieties occur in other boxes. Boxes 5 and 6 contain a
similar proportion of individuals labeled as E. pallida var angustifolia and var.
sanguinea. The variety E. pallida var. tennesseensis is supported by all individuals in
block 7 with a synapomorphy. Box 8 contains slightly more than half of the individuals
of E. pallida var. angustifolia with the putative hybrid, supported by two synapomorphies
(Fig. 3.9). Box 9 is a mixture of individuals of three varieties of E. pallida. All 48
individuals labeled E. atrorubens var. neglecta are supported by a synapomorphy, and the
41 individuals labeled E. atrorubens var. paradoxa are supported by six synapomorphies
(Fig. 3.9, boxes 10 and 11). Of 53 individuals only five of E. pallida var. pallida were
isolated (Fig. 3.9, box 12, Table 3.13).

Evidently, the phylogenetic analysis of the AFLP phenotypes supports only two
of the four species and four of the eight varieties of the two unsupported species defined
previously by morphology. Generally, phylogenetic analysis yielded a tree with

substantial homoplasy (Fig. 3.9). However, none of the bootstrap analyses, using the NJ
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or the heuristic search, supported any of the groups of individuals according to their
assignment to taxonomic entities. However, an examination of the tree indicated that
individuals belonging to a population were found together, with a few exceptions (results
not shown). For instance, a single plant from population EAT 98-0711-1 was found with
all the plants of EAT 98-0528-1, all belonging to E. atrorubens var. atrorubens (Tables
3.1, 3.13); one plant from EPN 98-0529-2, belonging to E. atrorubens var. neglecta, was
found with plants of population EPP 0823, belonging to E. atrorubens var. paradoxa
(Tables 3.1, 3.13); all eight plants except one from population ES-3 of E. pallida var.

angustifolia were scattered among the domesticated collections of E. purpurea (Tables

3.1, 3.13).
Discussion

AFLP results provide some support for the taxonomy of Binns et al. (2002a) at
the species level but no general support at the varietal level. However, we also found that
comigrating AFLP fragments, especially those that are polymorphic across individuals,
were not identical (Table 3.2). This raises a number of questions concerning the use of
AFLPs, namely, how then is it possible that there was support for the species in view of
the lack of identity of comigrating bands? If comigrating bands are not identical, can they
still be used to estimate genetic diversity, to make phylogenetic inferences, and to
identify species or subspecific taxa within a genus? To answer these questions we will
first consider the potential theoretical objections to the use of AFLP data for comparative
biology and propose a solution that provides some justification for their use for specific

purposes including the abovementioned.
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AFLP fragments are anonymous and are identified by their length as determined
by migration on a gel, not by their sequence composition. The nonidentical fragments of
equal length will mistakenly be scored as identical (Koopman et al. 2001), leading to
errors. Lack of homologies between comigrating AFLP bands have been reported in
Echinacea (Mechanda et al. 2004a) and in garlic (Ipek and Simon 2003). Clark and
Lanigan (1993) discussed the criteria that need to be met for RAPDs to be useful in
estimating nucleotide divergence. AFLPs, like RAPDs, are dominant markers and some
criteria discussed by Clark and Lanigan apply here. (1) Primer selection must not be
biased in favor of those that reveal the most polymorphisms; the AFLP primers we used
are not biased; (2) for diploids, a population sample must be examined to determine band
frequencies; as seen in Table 3.1, we have examined samples of approximately 10
individuals per population among 58 populations; (3) true nucleotide divergence should
not exceed approximately 10%; we found that among the monomorphic bands of samples
across species and across varieties, the sequence similarity was greater than 90%. In
sharp contrast, the divergence of the polymorphic bands was much greater, that is, only
33% - 54% of the sequences met the 90% threshold of similarity for the varieties, and this
similarity ranged from 26%-33% among species (Table 3.2). As expected, for all the
species, only 26% of the polymorphic bands had identical sequences at the 90% threshold
similarity. Furthermore, various critics doubt the appropriateness of the data for
phylogenetic inference, especially parsimony methods (Backeljau et al. 1995). This

criticism 1is based on the fact that RAPD is a dominant marker system. Fragments of
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Fig. 3.9. Condensed phylogram of Echinacea individuals obtained from AFLP
phenotypes of the combined data, that is, the D10G10 matrix (see text). Phylogram
derived from 435 individuals belonging to 52 populations (Table 3.1). Parsimony
statistics based on tree analysis of the phylogram under the parsimony criterion: length
4596 changes; consistency index = 0.0268; homoplasy index = 0.9732; retention index =
0.6674. See Table 3.13 for box contents. “Synapomorphies”, that is, AFLP bands

associated with the subtending clusters, with their notation as primer combination with

fragment size.
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Table 3.13. The taxon and (or) entities of the condensed phylogram with the individual

distribution in the populations of Echinacea.
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Box  Taxon and (or) entities Number of Populations
individuals/total
individuals
1 E. atrorubens var. atrorubens  32/38. EAT 98-0711-1, EAT 23881, EAT
23883, EAT 23884, EAT 98-0528
2 E. pallida var. pallida 10/34 ES017
E. pallida var. sanguinea 8/67 ES 23962
E. pallida var. simulata 20/28 ES 98-0608-2, ESO11, ES 98-0608-1
3 E. atrorubens var. atrorubens ~ 6/38 EAT 23883
E. pallida var. sanguinea 19/67 ESA 23878, ESA 23874, ESA 98-
0523, ESA 238783
E. pallida var. angustifolia 8/53 EA COM1
4 E. laevigata 16/16 EL 23969, EL 23964
5 E. pallida var. angustifolia 9/53 EA COM1
E. pallida var. sanguinea 6/67 ESA 0523-2, ESA 23873, ESA
23874
6 E. pallida var. sanguinea 34/67 EST 98-0606-1, EST 98-0602-1,
EST 0823-2
E. pallida var. angustifolia 1/53. EA-COM1
7 E. pallida var. tennesseensis 18/18 ET 98-0611-1, ET 98-0611-2
8 E. pallida var. angustifolia 20/53. EA 98-0712-1, EA 98-0717-1, EA
98-0716-2
Hybrid: E. pallida var. 8/8. EA014



10
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13
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similar length amplified from different Drosophila species for example, are not always
derived from corresponding loci, and not all fragments in an amplification pattern are
independent (Zande and van de Bijlsma 1995). These criticisms also apply to the AFLP
marker system. The view that AFLP data were appropriate for phylogenetic inference
was based on the empirical determination that comigrating bands are identical in terms of
sequence homology [i.e., identity] in closely related species of Hordeum (El-Rabey et al.
2002). However, the most critical view regarding the use of AFLP data for the estimation
of population genetic parameters was based on the observation that polymorphic markers
displayed various degrees of co-dominance, and therefore the assumption of dominance
was unfounded (Wong et al. 2001).

In light of the above shortcomings of the AFLP marker system, including the
result that many comigrating bands are not identical, we decided to treat the AFLP
banding patterns as phenotypes as opposed to genotypes. Thus, the results of this study,
and probably other AFLP studies, and their interpretations must be viewed in this
fashion.

Echinacea species are outcrossing, and they hybridize to various degrees
(McGregor 1968). For both the morphometric study (Binns et al. 2002a) and the present
one, we attempted to obtain material from putative hybrid populations. The difficulty of
identifying hybrid populations is due to the great amount of morphological variability
(McGregor 1968; Binns et al. 2002a) and plasticity among and within populations (Binns
et. al. 2002a). To verify the presence of triploid hybrids and ploidy level as reported by

McGregor (1968) we employed flow cytometry, a technique successfully used by
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Koopman ( 2000) and Koopman and De Jong (1996) to determine chromosome numbers
in morphologically similar lettuce species. With the limited sample investigated in this
study, we were unable to determine unequivocal hybridity of specimens in the field.
Nonetheless, one putative hybrid population (Table 3.1) was identified solely on
morphological basis (Binns et al. 2002a). The AFLP phenotype of the putative hybrid
clustered with those of E. pallida, which was in agreement with its suspected parents.
Population genetic analysis

Based on the 74.5% total polymorphic bands, the gene diversity within species is
more or less the same as within varieties, except for the rare case of E. pallida var.
tennesseensis, with 43.5% polymorphic loci, which is found only in Tennessee and is
almost extinct. The single example close to the former with respect to gene diversity is £.
atrorubens var. paradoxa with yellow flowers. It had 50% polymorphic loci and was
found in isolation only in Ozarkian uplands of western Missouri and adjacent Arkansas
(Binns et al. 2002a). The percent variation within populations is roughly 40% (Tables 3.5
and 3.6), similar to that among populations within species. However, the percent
variation among populations is only 27% within varieties (Table 3.6). Clearly, the
variation among populations within varieties is smaller than expected because of the
geographical proximity of the populations belonging to a particular variety. In a similar
tashion, the variation among populations within species is reduced to 19%. The variation
among populations within species was of the same magnitude as that within populations,
clearly indicating differentiation among populations. This partition of variation is
different from other cases, also using AFLPs, where the variation among cultivars was

the same as within cultivars, as in the case of Coffea arabica (Steiger et al. 2002), or
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where the variation within populations was greater than among populations as in Poa
annua from Western Oregon (Mengistu et al. 2000). However, Kapteyn et al. (2002)
found a much greater percent of variation within populations, ranging from 78% to 98%,
than among species (2% to 21%) in three commercially relevant Echinacea species, using
RAPDs. What Kapteyn et al. (2002) called populations were seed material obtained from
nurseries and germplasm from a few locations containing possible admixtures. This
variation is definitely not reflected in their principal coordinate plot (Fig. 2, in Kapteyn et
al. 2002). In contrast, the spread of points in the canonical discriminant plot (Fig. 7) is
wider.
Cluster analysis, principal coordinate analysis, Mantel tests

Cluster analysis and PCO of the AFLP phenotypes supported the relationship of
two of the four species found by morphometric analysis (Binns et al. 2002a), but only
supported E. purpurea and E. laevigata as species. Support was found neither for
relationships of McGregor’s (1968) species and varieties, nor for the varieties as
determined by Binns et al. (2002a), that is, the varieties did not cluster within the species
to which they belong. AFLP phenotype data have commonly been used as comparative
data to support classification at the genus (Droogenbroeck et al. 2002) and species levels
(Berg et al. 2002; Mace et al. 1999a, 1999b; Tomkins et al. 2001; Badr et al. 2002).
However, in other cases there was no such corroboration, such as at the ecotype level
(Breyne et al. 1999), at the subspecies level (Hedren et al. 2001), at the variety level
(Rold&n-Ruiz et al. 2001; Hedren et al. 2001), at the species level (Koopman et al. 2001),
and at the section level (Wong et al. 2002). However, Ogden and Thorpe (2002) found

AFLPs to be a rapid method for discriminating taxa at progressively finer evolutionary
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levels in the case of Caribbean Anolis lizards. The data generated by AFLP analysis
depend on the choice of restriction enzymes and primer pairs and there are no set rules
for comparative purposes. AFLPs are thought to be spread throughout the genome (e.g.
Nilsson et al. 1999). If fragments were unequally distributed over the range studied
(Hedren et al. 2001), the number of fragments shared by coincidence would be higher.

In the present study, generally, the correlation among the different data sets was
high at the species level, and much less so between the D10 and G10 data sets for the
comparison among varieties (Table 3.8). Nonetheless, in most cases there was a
significant tendency for the association between the data sets in various combinations.
There was, however no association (and an extremely low correlation) between the
geographic distances and the genetic distances (regarded here as based on phenotype
data) between all the populations, except for the D10 primer set where the association
was significant (Table 3.9). For E. pallida, Mantel tests were all significant and the
associated correlations between the various distance matrices were higher (Table 3.9).
The populations of Echinacea with their relatively high gene diversity (Tables 3.4-3.6)
differ genetically from each other, independently of their geographical origin. It is not
known if this is due to active genetic differentiation or to introgression.
Discriminant analyses

The rationale and thus the validity for using binary data, i.e. the AFLP scores,
were presented in the Materials and Methods section with appropriate references.
Discriminant analysis has been used recently with binary molecular data, e.g. RADPs

(Semagn et al. 2000) and AFLPs (Guan et al. 2002).

111



Canonical discriminant analysis
The three-dimensional plot (Fig. 3.7) provided a good summary that the AFLP
phenotype data supports the species defined by morphometrics (Binns et al. 2002a). In
contrast, the AFLP data generally did not support the morphological classification into
varieties by either McGregor (1968) or by Binns et al. (2002a). However, the three-
dimensional plot of the varieties as groups (Fig. 3.8) does raise several interesting
questions. Although E. purpurea, and to a lesser extent E. laevigata are separate from the
cluster containing all E. pallida varieties, E. laevigata and E. atrorubens var. atrorubens
are not distinct from the E. pallida cluster on the plot. Furthermore, the three varieties of
E. atrorubens by themselves are clearly rendered distinct on the plot. Clearly, the squared
Mahanalobis distances between the two varieties, E. atrorubens var. paradoxa and E.
atrorubens var. neglecta, are greater compared to the distances among all the other
varieties; however, their gene diversity is the lowest with the exception of E. pallida var
tennesseensis (Table 3.4). Mahalanobis distances and genetic distances are computed
differently, that is, the former from (statistical) variances. The generally similar results
depicted by the PCO plot (Fig. 3.6), is based on the genetic distances (Nei 1972) among
the varieties.
Classificatory discriminant analysis

Since this investigation did not yield either species-specific or variety-specific
bands, we resorted to classificatory discriminant analyses as a means for elaborating an
identification scheme. Banding patterns unique to each individual in the data were
reported by Coart et al. (2002) for AFLPs in oak species and by Quagliaro et al. (2001)

tor AFLPs in sunflower. Although the identification results (the correct classification
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results of the analysis) of the non-parametric method used in this investigation yielded
the best results (Table 3.11), we are not aware of a way to implement it for the practical
identification of specimens of Echinacea. Instead we have provided linear discriminant
functions for the identification of Echinacea specimens, based on a minimum number of
AFLP bands required for achieving at least 80% accuracy (Table 3.12). Identification by
discriminant function might be useful for the identification of samples which do not

possess characters required for morphological identification with conventional keys as in

Binns et al. (2002a).
Phylogenetic analysis

AFLP data have been used to reconstruct phylogeny in Echinacea (Kim and Still
2004) and other plants (e.g., Raamsdonk et al 2000; Hedren et al. 2001; Koopman et al.
2001; Gobert et al. 2002 and Hodkinson et al. 2002), bovines (Buntjer et al. 2002), snakes
(Giannasi et al. 2001), bacteria (Keim et al. 1997), and yeast (Ganter and Barros Lopes
2000). All these studies were based on the assumption that the comigrating bands are
identical in sequence similarity in closely related species (Wong et al, 2001). In the
present study, numerous co-migrating bands, especially from among the polymorphic
ones that were sequenced, did not prove to be identical. Therefore, we treated the AFLP
data as phenotypic data.

Like other phenotype data, AFLP data can be subjected to phenetic and
phylogenetic analyses. Both phenetic and phylogenetic analyses require that characters
(variables) are the “same”, that is, homologous in the organisms being analysed.
Comigrating bands may not have similar sequences (Mechanda et al. 2004a). However,

even if they did, they still may not be comparable. Due to the nature of AFLPs, the
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“same” fragments may have originated from different regions of the genome and are thus
paralogous. The analysis of morphological characters presents similar problems, for
instance, the character “blue petals” in two species may be due to different chemistries
arising from different genes. In practice, both phenetic and phylogenetic analyses are
performed on data where characters are treated the same at a particularly defined level in
the organisms being compared. Thus, AFLP comigrating bands can be analysed in the
same way based upon gel mobility (size in base pairs). Although we carried out both
phenetic (data not reported) and phylogenetic analyses in the Echinacea study, we used
only the results of the phylogenetic analysis to attempt to find taxon-specific bands for
the groups (identified in the analysis as synapomorphies). Some methods such as
UPGMA, although they find clusters, do not provide a means to detect taxon-specific
bands. Thus in this work we resorted first to finding a NJ tree (considered by some as
phenetic) followed by submitting this NJ tree to a tree analysis under the parsimony
criterion.

Echinacea purpurea and E. laevigata were each clearly identified each as a group
on the tree (Fig. 3.9, boxes 13 and 4 respectively). However, no synapomorphies could be
found for E. laevigata. At the species level, individuals of E. atrorubens and E. pallida
were distributed into different boxes on the tree. At the variety level, E. atrorubens var.
atrorubens, E. atrorubens var. neglecta, E. atrorubens var. paradoxa and E. pallida var.
tennesseensis were clearly identified as groups on the tree (Fig. 3.9 boxes 1, 10, 11 and 7
respectively). Synapomorphies were identified for all these varieties except for six
individual plants of E. atrorubens var. atrorubens (box 3). A question remains as to

whether all the groups identified on the tree (Fig. 3.9, Table 13) are suggestive of
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taxonomic entities. Although some of these groups are not supported by synapomorphies,
it is quite possible that they could be established with other AFLP primer combinations in
addition to the ones used in the present work. Indeed, if one wants to screen the entire
genome for polymorphisms, then a restriction enzyme that recognizes sequences that are
randomly and uniformly distributed should be used (Breyne et al. 1999), such as Sacl or
Pstl. The enzyme that we employed may be biased by AT content and towards non-
coding regions (Bonnema et al. 2002). In addition, it is possible, that AFLP phenotypes
stem from many parts of the genome, especially from the repetitive DNA sequences
(Reamon-Buttner et al. 1999). Other possible explanations for the lack of general support
for taxonomic identities may be introgression among the entities and (or) phenotypic
plasticity.

We also need to address those few instances where an individual plant collected
from a local population was positioned among individuals from another population on the
NI tree. There are several possible explanations for this observation, including (1) these
individuals represent a haplotype occurring in both populations containing at least
hundreds of individuals, (2) introgression, probably not uncommon within the
outcrossing Echinacea species, has taken place, (3) migration of individuals between
geographically close populations has occurred in the past. Furthermore, the observation
that seven individuals, identified as E. pallida var. angustifolia from one population ES-
3, were placed among the domesticated E. purpurea (Tables 1, 13) requires explanation.
These individuals were scattered among collections from different origins. In addition to
the former possibilities there is a chance of misidentification, since the other individuals

from the same population were placed together with the other populations of E. pallida
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although this species is not placed in a single group. It can hardly be a mix-up because E.
purpurea has fibrous roots, easily distinguishable from the other species featured with
tap-roots. Would it be possible that the phenotypic plasticity was also expressed in the
AFLP phenotype?

In conclusion, since we were unable to find species-specific or variety-specific
AFLP fragments, we used discriminant functions for identification. Possibly other
primers, in addition to the ones employed in this study and probably from coding regions,
might yield better and specific diagnostics. Nonetheless, the AFLP results lent support to
some of the species defined by Binns et al. (2002a) by morphometrics. The present study

has also shown that single individuals can be identified by their AFLP fingerprints.
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CHAPTER FOUR

Direct shoot regeneration from leaf segments of mature plants of Echinacea
purpurea (L..) Moench.

This chapter is a reproduction of the paper published in the Journal, In Vitro
Cellular and Developmental Biology — Plant. 39: 505-509. (2003) by Subbaiah M.
Mechanda, Bernard R. Baum, Douglas, A. Johnson, and John T. Arnason. This chapter
meets part of objective 4 of the thesis, the development of tissue culture methods for
multiplication of the species and varieties of Echinacea. Chemically elite plants, nearly
extinct or endangered species can be multiplied and reintroduced back into the natural
habitat using tissue culture methods. Only Echinacea purpurea, which is the most
commercially cultivated species for pharmaceutical purposes, was regenerated directly
from leaves of mature plants without going through the callus phase. Large number of
uniform plants were regenerated and rooted successfully. The rooted plants were
transplanted to pots, where they flowered and produced seeds normally. We did not
attempt to reintroduce the tissue cultured plants into their natural habitats. However, our
attempts to apply the same tissue culture procedures to other species and varieties of
Echinacea, failed to produce shoots. This method has the potential for large-scale

production of uniform Echinacea plants that have been authenticated for desired

chemistry.
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INTRODUCTION

Echinacea purpurea is a medicinal plant which was traditionally used by the First
Nations of the American Great Plains and Canadian prairies for the treatment of
respiratory ailments, sores, wounds, and a variety of other ailments (Tyler, 1993; Hobbs,
1994). Modern uses of E. purpurea preparations are mainly for the treatment of colds and
influenza, but also for wound healing and treatment of candidasis (Bauer, 1999). Other
species of Echinacea are of interest to the herbal industry (e.g., Bauer et al., 1990; Bauer
and Foster, 1991; Binns et al. 2002b). According to an early taxonomic treatment by
McGregor (1968), there are nine species of Echinacea in North America, of which three
(E. angustifolia, E. pallida and E. purpurea) are normally cultivated and used for
commercial production (Cox and Urbatsch, 1990; Hobbs, 1994). A recent morphometric
analysis of Echinacea has led to a revision of the genus (Binns et al., 2002a), in which
only four species and eight varieties of Echinacea are supported. Many of the wild
populations of Echinacea throughout their range have been severely reduced due to
habitat loss or wild crafting. One species, E. tennesseensis, is listed as an endangered
species and E. purpurea has a low number of wild populations. This report is part of a
study on tissue culture regeneration of all the four species of Echinacea and some of the
varieties of commercial interest.

For both commercial production of Echinacea varieties and rehabilitation of wild
populations, the development of efficient in vitro production of large quantities of plants
by micro propagation is needed. In addition, regeneration of mature shoots from callus

and suspension cultures is a critical requirement for the application of in vitro selection,

119



breeding for highly active ingredients, active ingredient detection and enhancement, and
genetic engineering of Echinacea.

Amplified restriction fragment polymorphism (AFLP®) polymorphic markers have
been used to predict phytochemical markers in cultivated mature Echinacea germplasm
(Baum et al., 2001). A tissue culture method for direct shoot regeneration from the
mature plants with the predicted phytochemical markers would shorten the time for
propagation of these plants in large quantities and avoid the dependency on seeds that
often are not homogenous due to out- crossing in the field.

Echinacea micropropagation has been possible in E. purpurea and E. angustifolia
(Gockel et al., 1992; Choffe et al., 2000; Coker and Camper, 2000). Choffee et al., (2000)
used E. purpurea petiole explants from 2- mo. old sterile seedlings to induce shoots using
MS medium (Murashige and Skoog, 1962) containing 6-benzyladenine (BA) in
combination with indole-3-acetic acid (IAA). Coker and Camper (2000) also used
hypocotyl explants from sterile seedlings of E. purpurea to induce shoots using MS
medium containing 1 mg "' each of a -naphthaleneacetic acid (NAA) and kinetin. Gockel
et al., (1992) reported an efficient method for propagation of E. angustifolia using sterile
seedlings using Woody Plant Medium (WPM; Lloyd and McCowan, 1981) supplemented
with 3% sucrose and 1 mg 1" BA.

Although our main aim was to regenerate plants directly from mature leaves, we also
planned to use callus from leaves to test for chemical content in breeding lines of
Echinacea to meet the demand by the herbal industry. Moreover, as an alternative to

direct regeneration, our objective was to be able to produce shoots from callus.
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No regeneration system has been established to produce shoots directly from
mature plants of Echinacea. This communication describes for the first time a procedure
for high-efficiency direct shoot regeneration from leaf explants of mature E. purpurea
plants. The method produces shoots directly with high efficiency in 30 d, and rooted
plants can be obtained in 60 d.

MATERIALS AND METHODS

Seed and Plant material sterilization. E. purpurea seeds (50-60) collected from
natural populations in the mid-western USA were sterilized by shaking the seeds with 50
ml of 20% aqueous solution of Javex (bleach, 6% sodium hypo chlorite) in 250 ml
beakers for 20 min., followed by shaking overnight on a rotary shaker in Plant
Preservation Mixture (PPM) ™ (10 ml 1" in sterile water; Plant Cell Technology,
Washington DC). Following washing three times in sterile water the seeds were placed in
Petri plates (100x15mm) on sterile filter papers (Whatman® International Ltd.,
Maidstone, UK) saturated with 1m1 1" ethylene (Etherel™) (Sigma-Aldrich Canada
Limited, Oakville, Ontario) in distilled sterile water. The Petri plates were sealed with
Parafilm® (American National Can™, Greenwich, CT) and incubated in a growth
chamber for 14 d at 4°C, then the temperature was gradually raised over 5 d to 25 C. This
is necessary for the stratification of seeds before germination. Germination occurred in 10
d after transfer to 25 C. The seedlings were transferred to Magenta boxes (Sigma)
containing 50 ml solid MS (Murashige and Skoog 1962) medium, pH 5.5 (MS basal
medium with sucrose and agar; Sigma). After 2 wk, they were transferred into pots
containing 5:3:1 vermiculite: promix: large-grained quartz sand, and were transferred to a

growth chamber (25°C, 16 h day; 20°C, 8 h night). Fertilizer of 20:20:20 (N: P: K), 1
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ounce diluted in 3 gallons of water, was applied weekly and no pesticides or fungicides
were used.

Tissue culture. Preliminary experiments were conducted in small-scale trial-and-error
basis with different concentrations of auxins and cytokinins. Based on the response to
callus induction and shoot induction, the following experiments were set up with the
concentrations described below.

For multiple shoot production, approximately 1cm? leaf explants from 6-mo.-old
mature donor plants (grown in a growth room 25°C, 16 h day and 20°C, 8§ h night, 30-
60% humidity) were surface-sterilized by shaking the explants with 10% Javex (bleach,
6% sodium hypochlorite) for 10 min, followed by three washings with sterile water. The
leaf explants (10-12 per Petri dish with 25 ml solid media) were subcultured into WPM
(Sigma) and left for 3 d in WPM with no growth regulators, to assess contamination, with
the intention of discarding any contaminated Petri dishes. They were then sub-cultured
into WPM containing different concentrations of BA with 5% coconut milk (Sigma; filter
sterilized). Each of the growth regulator treatments was in triplicate containing 10-12 leaf
segments from different plants; the experiments were carried out twice. WPM powder
(Sigma) was dissolved in water as per manufacturer instructions, 3% (w/v) sucrose was
added, and the pH was adjusted to 5.5 and solidified with 0.85 % (w/v) agar (high gel
strength; Sigma). The growth regulators and coconut milk were purchased as filter
sterilized solutions and were added to the media after autoclaving. Callus was also
induced on WPM media containing different concentrations of BA and NAA. The callus

was then sub-cultured onto shoot-inducing media containing different concentrations of

BA and 5% coconut milk.
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Shoots arising from both callus and direct regeneration were rooted in WPM or MS
medium containing 0.5-1.0 mg "' indole-3-butyric acid (IBA). These rooted plants were
transplanted to soil and kept under intermittent mist for 2 d before normal growth in the
growth chamber with 16 h light and 8 h dark cycles at 25+2° C. Student’s ¢-tests were
carried out on the three replicate results.

RESULTS

The seeds were surface-sterilized before germination, to eliminate fungi and bacteria
with sodium hypochlorite treatment and sterile water washing. However, fungi could not
be eliminated completely by this method. Hence, PPM at a concentration of 10mg 1" was
used to inhibit fungal and bacterial contamination of seeds. The leaves were sterilized
with out PPM to avoid stunted growth of the shoots. Sterile mature leaf segments were
used to induce callus and shoots. The results of the preliminary small-scale trial and error
experiments are not provided.

The optimum concentration of growth regulators in WPM medium for induction of
callus was 0.001 pM (0.5 mg1") NAA and 6.0 uM, (2.5 mg l'l) BA (Table 4.1).
However, varying amounts of callus with varying levels of visual friability were formed
at almost all the concentrations. Roots were formed at higher concentrations of NAA
(data not shown).

Shoots were induced directly from the leaf segments of mature plants on WPM
media containing different concentrations of BA and 5% coconut milk. The combination
of BA and 5% coconut milk induced shoots at concentrations from 2.5 to 7.5mg I"' BA.
However, the optimum concentration producing shoots was 6.0 uM (2.5 mg1"') BA

(Table 4.2). The shoots were excised from the explants and roots were induced on WPM
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media containing different concentrations of IBA. The lowest concentration inducing
100% rooting was found to be 2 uM (1 mg 1) IBA with most of the concentrations
supporting varying amounts of rooting (Table 4.3).

The rooted plants were transferred to pots after 2 d in a mist chamber, covered
with polyethylene sheets. The sheets were removed and the mist was stopped for
acclimatization of the plants in a growth chamber (Fig. 4.1). The rooted plants were
transplanted into pots in a growth chamber. The plants appeared normal and flowered at
25°C (16 h day and 8 h night) in a growth chamber.

Discussion

In vitro regeneration of E. purpurea and E. angustifolia from aseptically grown
seedlings has been reported with very little information on other explants or other species
of Echinacea (Gockel et al., 1992; Coker and Camper 2000; Choffe et al., 2000). Choffe
et al. (2000) reported direct shoot regeneration from seedlings of E. purpurea using MS
medium with IAA as the auxin and BA or thiadiazuron (TDZ) as cytokinin. Coker and
Camper (2000) also used MS medium with NAA and kinetin to induce shoots from
sterile seedlings of E. purpurea. Choffe et al. (2000) reported that BA was the most
effective inducer of shoot regeneration from juvenile seedlings. In addition, TDZ and
TAA increased the frequency of regeneration with MS medium. WPM was first used by
Gockel et al. (1992) for tissue culture using juvenile seedlings of E. angustifolia. We did
not try replacing NAA with IAA and BA with kinetin because this has been tried with
Juvenile seedlings (Choffe et al. 2000; Cocker and Camper 2000). We felt that it may not
be appropriate for mature leaves as the growth regulator composition changes during

growth and development. Coconut milk has been successfully used before for direct
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Table 4.1. Callus produced from leaf explants of Echinacea purpurea after 1 mo. on

WPM supplemented with 0.5 mg 1" (0.001 pM) NAA and different concentrations of BA.
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Table 4.2. Multiple shoots produced from leaf explants of Echinacea purpurea after 1

mo. on WPM supplemented with BA and 5% coconut milk.
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Table 4.3. Roots produced from the shoots of regenerated Echinacea purpurea after 1

mo. on WPM supplemented with IBA.
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IBA

Total number of explants Mean percentage of shoot Std.
concentration producing roots producing roots Error
mgl' uM

0.0 0 1 3.33 3.33
0.5 1 25 83.33* 8.81
1.0 2 30 100.00** 0.00
1.5 3 30 100.00%* 0.00
2.0 4 30 100.00%** 0.00

Data are means of two experiments, each with three replicates. * P < 5%, ** P < 1%.



Fig. 4.1. Regeneration of Echinacea purpurea from mature leaf segments. 1. Callus. 2.
Shoot regeneration directly from the leaf segment. 3. Rooting of the regenerated shoots.

4. Potted plants flowering in a growth chamber.
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regeneration of multiple shoots in Eucalyptus teriticornis (Subbaiah and Minocha 1990).
However, there are no reports of tissue culture methods to produce multiple shoots
directly from leaf segments of mature Echinacea purpurea plants.

Direct multiple shoot production from leaf explants is critical in order to produce
large number of uniform plants from the elite lines of mature E. purpurea plants. This
will also aid in the selection of elite lines of E. purpurea plants which have been grown in
the field and tested for the desired chemistry for mass propagation of uniform plants. The
callus induction stage can be overcome by direct induction of shoots. In the present work,
by using WPM and adding 5% coconut milk with BA, we found that the frequency of
regeneration was very high - as many as 12-20 shoots could be produced from segments
of leaves of mature plants. Coker and Camper (2000) used a combination of NAA and
kinetin at 1 mg 1" and regenerated callus from only juvenile seedlings using MS media.
They had 85% success rate with juvenile seedlings, whereas in the present study 66.7%
regeneration efficiency was achieved using explants from mature leaves.

The high efficiency regeneration method from mature plants of E. purpurea is useful
for the evaluation of native populations for desired chemicals. In addition, this will help
in developing regeneration protocols for the near extinct varieties and other species of
Echinacea such as E. tennesseensis, which may be reintroduced and maintained as
natural populations. The commercially cultivated species E. angustifolia and E. pallida

are currently being investigated in our laboratory for their regeneration capacity.
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CHAPTER FIVE

General Discussion and conclusions

The standardization and authentication of Echinacea products depend on the
correct identification of the Echinacea species and varieties which are cultivated or wild
crafted. The herbal industry sells Echinacea supplements as tinctures, capsules, extracts
and tablets. Echinacea roots and upper parts are bought by the companies from
Echinacea farmers and wild crafters. Identification of the source and species is critical at
this point, as it would be difficult to remedy the misidentification once the plants are
processed. Traditionally, well characterized chemical markers are the most popular
method for the identification and standardization of Echinacea species and products
(Bauer 1999). However, the reliability of these chemical markers depends on the external
environment, stage of development of the plant and processing conditions (Bauer 1999,
Arnason 1999). A DNA based system for the identification and authentication of
Echinacea species would be more useful and reliable than the chemical methods. The
sensitivity, repeatability, reliability and the running costs of developing and standardizing
DNA based methods is critical for the adoption of these methods. The markers developed
in this study will further facilitate the correct identification for breeding better cultivars
from the selected natural populations, for commercial production and conservation of the
natural germplasm. The tissue culture methods developed for E. purpurea may be
appropriate for the other species and varieties of Echinacea.
Collection of Echinacea samples

As part of the germplasm enhancement project, a germplasm collection of the

natural populations was established for the study of chemical and genetic diversity of
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Echinacea and the development of molecular markers for identification of species and
varieties. The natural populations were collected during field trips by Dr. S. E. Binns, Mr.
S. M. Mechanda, Dr. B. R. Baum and Dr. J. T. Arnason. The samples were collected
based on the geographic locations given in McGregor (1968) with GPS (Global
Positioning System), used to mark longitude and latitude as indicated in Fig (3.1).
Rhizomes, leaves, flower heads and seeds were collected. The leaves that were used for
DNA isolation were collected on ice, and shipped by courier overnight on ice and
immediately frozen on arrival in liquid nitrogen prior to storage at -80 °C. The seeds and
rhizomes were germinated in the greenhouse and leaves collected and frozen as before.
Seeds from USDA germplasm collections were also germinated in the greenhouse and
leaves collected and frozen as before. This was a shared responsibility between Dr. S. E.
Binns and Mr. S. M. Mechanda. DNA was isolated after we had all the samples, frozen
and stored at -80 °C.
Flow cytometry and chromosome counts

The chromosome numbers for the species and varieties of Echinacea has been
reported (McGregor 1968); however, the amount of DNA per nucleus (C-value) was not.
Flow cytometry has been used to determine the relative DNA amounts, even when there
is a single chromosome difference between plants (Partec, Germany). In a pilot study, we
counted the number of chromosomes and determined the relative DNA content per
nucleus, focusing upon a subset of the 435 samples used in this study, to identify putative
hybrids in the natural populations. An internal standard such as chicken erythrocytes
(2.33 pg) is often used, when the C- value is not known, for example a study on DNA

content variation in the Rosaceae (Dickson et al. 1992). As we were interested in the
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relative amounts of DNA between samples, we used as a substitute both diploid and
tetraploid Brassica for which we had C-values as our standard, along with Calibration
Beads UV (Partec). There was corroboration between the chromosome counts of
McGregor (1968) and the chromosome counts from this study (Table 3.3). However, the
relative DNA amounts did not correspond to the number of chromosomes. For example,
all the E. pallida varieties, with 22 chromosomes have DNA amounts in the range of 40
to 47 counts (Table 3.3). Whereas all the E. atrorubens varieties despite having only 22
chromosomes have DNA amounts in the range of 68-71 counts (Table 3.3). Based upon
previous work in which flow cytometry was used in the Rosaceae species identification
(Dickson et al.1992) or in Agrostis, again for species identification (Bonos et al. 2002),
closely related species such as Echinacea may still be expected to show differences in
relative DNA amounts which may be used for their identification. The complexity of the
genome may be caused by gradual increase in gene number due to retention of duplicate
genes and abrupt increases in the abundance of mobile genetic elements (Lynch and
Conery 2003). Large variation in nuclear DNA within genera (Dickson et al. 1992) of
Rosaceae has been observed, but the cause has not been understood very well. In addition
the presence of polyploids in plants may add to the complexity of the genome (Soltis and
Soltis 2000).

Two models of the origin of polyploids in plants have been put forward (Soltis
and Soltis, 2000; Lee and Chen, 2001). In the first model, unreduced male and female
gametes from two diploid species fuse to form polyploids or two autotetraploids can
hybridize to from polyploids. In the second model, the two diploids hybridize to form

allotetraploid and in the F1 hybrid the chromosomes double to form a polyploid. Both the
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models could be operating in Echinacea to produce polyploid. Since E. purpurea, E.
laevigata and some of the varieties such as E. atrorubens var. paradoxa and E. pallida
var. tennesseensis are geographically isolated they may not be involved in formation of
polyploids. E. pallida varieties and E. atrorubens varieties may have hybridized to form
polyploids as they overlap geographically. However, identification of these hybrids is a
tedious task as the chromosomes are very small.

AFLP and comigrating bands

AFLP technique was used to identify polymorphisms in the natural populations
and commercial lines of Echinacea. What makes AFLP robust are as follows: it is highly
repeatable and uses relatively small amounts of DNA (Mueller, and Wolfenbarger, 1999;
Savelkoul et al. 1999). AFLP is universally applicable, and has very high discrimination
between samples. Further this technique does not require sequence information a priori
and has the highest multiplex ratio in terms of the number of loci sampled and genome
wide coverage (Savelkoul et al. 1999; Mueller and Wolfenbarger, 1999). AFLP markers
have been used in mapping genomes, positional cloning, varietal identification,
population genetic studies, phylogenetic methods and germplasm management
(Savelkoul et al. 1999; Mueller and Wolfenbarger, 1999). However, when applied to
genetic diversity estimates or phylogenetic relationships, it has several limitations.

The AFLP data were manually scored in this study. Each and every gel had a
sample that was designated as standard and a 30-330 bp AFLP DNA ladder. These were
used to align the gels and only the bands which were well resolved across the gels and
clear were included for data scoring. A binary matrix with band present (1) and band

absent (0) were constructed and used for further analyses.
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Over 160 papers on AFLP, published in 2004, have been identified using the
PubMed site of NCBI. The majority of the papers treated the AFLP data as genotypic
data in that the data were scored with the assumption that comigrating bands were similar
in sequence. Conclusions on genetic diversity or identification of samples were drawn
based on this assumption. A minority of papers considered the AFLP data as phenotypic
data based on the lack of sequence information for comigrating bands and used the data
to derive phylogenetic relationships and identification of the individuals.

Even though majority of the fragments originate from genomic DNA, the scores
were based on the presence or absence of fragments and their mobility on the gel, which
is definitely a phenotype. This conclusion also applies to RAPDs. There is not enough
sequence information about the AFLP fragments and their specific locus of origin is not
known. This means the AFLP bands have to be isolated, cloned and sequenced. When
using a RAPD or AFLP results, the underlying assumption is that comigrating bands
identified in different individuals, strains, populations, varieties or species (Riesberg
1996; Robinson and Harris 1997; Ipek and Simon 2003) are homologous. Thus in closely
related species such as those of Lactuca and Barley, AFLP fragments are assumed to be
related by descent, have the same or similar sequence and originate from the same locus
within these genomes (Kim et al. 2004). As AFLP fragments are generally not isolated
and sequenced, their sequences are not known. AFLP data are analyzed phenetically, but
rarely by cladistic analysis, such as was the case for Lactuca species (Koopman et al.
2001). However, these authors found the topology of the phylogenetic tree and cladistic
tree were similar indicating to them that comigrating bands are similar. It is not possible

or practical to know the origin and sequence of all the AFLP fragments. Though the
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fragments seem to be unique and orthologous and have been used for phylogenetic
analysis in closely related species (Kim et al. 2004), our results in Echinacea contradict
this notion. Various critics doubt the appropriateness of the AFLP data for phylogenetic
inference, especially parsimony methods (Backeljau et al. 1995, Robinson and Harris,
1997). In addition, due to the view that AFLP fragments have alleles (Wong et al. 2001)
and are dominant in nature, AFLP data have to be used with caution.

Comigrating band sequence similarity has been investigated with the RAPD and
AFLP bands. Co-migrating RAPD bands were 92 % similar in maize (Beaumont et al.
1996). Riesberg (1996) reported that 91% of the RAPD co-migrating bands were similar.
However, at the inter-specific level in Brassica species the pairwise similarity was only
80 % (Thormann et al. 1994). Rouppe van der Voort et al. (1997) sequenced 20 putative
similar AFLP markers and 19 of them were shown to be nearly identical. Cerevera et al.
(2001) cloned several fragments of identical length that were related and showed that
each of them had the same sequence, but did notice several non visible bands co-
amplifying during cloning. Ipeck and Simon (2003) sequenced 79 AFLP fragments from
garlic accessions used for genetic diversity studies and found 95% of the comigrating
bands were similar in sequences in closely related garlic clones, however, unrelated
clones were not identical, which may be the case in the natural populations of Echinacea
where there is no clonal identity of the samples.

Homology is similarity in DNA or protein sequences between two or more taxa,
which is inherited from a common ancestor. Since molecular homology is a reflection of
species or gene phylogeny, there are more kinds of homologous relationships between

molecular sequences than in morphology (Patterson 1988). AFLP fragments are
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anonymous and are identified by their length as determined by migration on a gel, not by
their sequence composition. The non-identical fragments of equal length will mistakenly
be scored as identical (Koopman et al. 2001), leading to errors in similarity measures and
phylogenetic relationships. Lack of similarities between co-migrating AFLP bands have
been reported in Echinacea (Mechanda et al. 2004a) and in garlic (Ipek and Simon 2003).
A total of 79 fragments from a monomorphic band, 273 bp and present in all the four
species and eight varieties of Echinacea, were cloned and sequenced. All the fragments
turned out to be the same size as the expected size (273 bp); however, the sequence
identity was never 100%.

Similarly, a polymorphic band of 159 bp which was present in some samples and
absent in others across the 4 species and 8§ varieties of Echinacea was chosen from atleast
three samples per population, cloned and sequenced. A total of 48 clones from the
polymorphic band were sequenced. Most of them (25) of them were of the expected size.
However, a significant number of clones contained inserts of 74 bp (1 clone), 91 bp (11
clones), 108 bp (6 clones) and 125 bp (5 clones). Members of these size classes did not
show significant sequence similarity with members of other size classes. The sequence
identity was very low for the polymorphic fragments when compared to the
monomorphic fragment (Table 2.1). This was true even for members within a size class,
for example, when the 25 sequences with a size of 159 bp were aligned by themselves,
suggesting that polymorphic fragments were very dissimilar in their sequences. Sequence
similarity may also depend on the nature of the relatedness of the genus. So far, only the
sequences of comigrating bands from either isogenic or near isogenic plants have been

reported in the literature. But the samples analyzed in this study are derived from natural
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populations of Echinacea. Echinacea is an open pollinated species with introgressants,
which may explain the sequence dissimilarity of the comigrating bands. However,
sequencing large number of different size fragments may be necessary to confirm the
suggestion that monomorphic bands are more similar compared to polymorphic bands.

Amplification for 36 cycles during AFLP is a standard procedure for the AFLP
kits (Invitrogen, 2004; Kim and Still, 2004; Vos et al.1995). PCR amplification of the gel
isolated fragment is a critical step to convert the single stranded AFLP fragment into
double stranded fragment for cloning. Further, 23 cycles of amplification for cach
isolated fragment after 36 cycles during AFLP is also a standard procedure for cloning
fragments from the AFLP gels (Peters et al. 2001; Rouppe van der Voort et al. 1997).
Peters et al. (2001) have validated this procedure for Arabidopsis. They reamplified the
AFLP fragments for 30 cycles, checked the correct fragment sizes using agarose gel
electrophoresis and sequenced the products directly without cloning. The sequences of
the AFLP fragments were identical to the genomic sequences predicted by in silico
analysis, thus verify the fidelity of AFLP.

Two lines of evidence argue against the hypothesis that the 74, 91, 108 and 125
bp fragments were derived from the 159 bp fragment by PCR during the AFLP and
cloning processes. First, re-amplification of the cloned 159 bp fragment using the same
conditions and primers, but with a >*P end labeled primer yielded only a single 159 bp
fragment as detected by autoradiography (data not shown). Secondly, when all the
polymorphic sequences were aligned, there were no subsets of sequences contained
within the smaller fragments which could be derived from the 159 bp fragment (Fig 2.5),

even allowing for deletions introduced by recombination. The sequences were
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completely different except for the primer sequences on both the ends, added during the
PCR reaction. Thus the smaller fragments were not derived from the larger fragment by
PCR during amplification or by homologous recombination in the host cell during
cloning. At this time the precise origin of the smaller fragments remains a mystery.

About 30 AFLP gels were run during this study to identify the polymorphic
bands, from populations of 4 species and 8 varieties of Echinacea. The large fragments
(350- 500 bp range) in the top portion of the AFLP gel were not very well resolved and
were difficult to score. The bottom portion of the AFLP gel with small fragments (less
than 50 bp) was fuzzy and hard to score. So we decided to score fragments in the range of
50- 300 bp fragments which are in the middle portion of the gel. Hence we feel that for
practical reasons the middle portion of the gel may be the best area for scoring the AFLP
patterns. Furthermore, monomorphic fragments sequenced from the middle portion of the
gel were more similar compared to the polymorphic fragments from the lower portion of
the gel. However, to further confirm the suggestion that middle portion of the gel is more
reliable than the lower portion of the gel, bands of different size need to be sequenced,
rather than just scored.
Implications for analysis of AFLP data and genetic diversity estimation

Based on our results demonstrating that the comigrating AFLP fragments of
Echinacea are not similar in sequence, we decided to treat the AFLP data as phenotypic
data rather than genotypic data. Since the comigrating fragments were not 100%
identical, plus it is not practical to sequence all of the AFLP fragments, it was decided

that the comigrating bands of the same size be scored as homologous based on their

mobility in the AFLP gel.
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Non-homologous bands or homoplasy might bias genetic distance estimates
between taxa (Lamboy 1994), and diversity measurements (Robinson and Harris 1999).
Using non-homologous and non-independent AFLP fragment data will increase
homoplasy (Bremer 1991). However, for the purpose of identification, the use of AFLP
banding patterns as phenotypic characters is deemed appropriate by us. Thus AFLP data
can be used for estimating genetic diversity and identification purposes.

The sequence information for the comigrating bands so far, is mostly from closely
related genotypes such as in mapping populations of Potato (Rouppe van der Voort et al.
1997), closely related cultivars in Garlic (Ipeck and Simon 2002), and just one ecotype
of A. thaliana (Peters et al. 2001) from a single geographic location. Most of these
studies have samples from isogenic or near isogenic populations or from closely related
cultivars. However, the sequences in the present study were obtained from natural
populations of Echinacea. In general, it is expected that sequence similarity of the
comigrating bands depends on the species studied, whether it is a self pollinating or cross
pollinating genus and the number of species and varieties studied. Thus, closer the two
samples are, the greater the likelihood that the bands are orthologous.

Population genetic analysis

Population genetic analysis was carried out on the AFLP data to determine the
amount of genetic diversity among and within the natural populations of Echinacea.
Smaller population size and isolation of the species or the variety has an effect on the
descriptive statistics as is evident in E. pallida var. tennesseensis which is very isolated
and in the endangered list, has low gene diversity, lower number of polymorphisms and

percent polymorphic loci (Table 3.4). However, E. laevigata, species without varieties,
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still shows relatively greater gene diversity, number of polymorphic loci and percent
polymorphic loci. Even E. purpurea, which is commercially cultivated, shows high
degree of polymorphism (Table 3.4), which is an indication of the high level of
introgression which has been observed in Echinacea (McGregor 1968). The overall high
percent polymorphic loci in the natural populations may be due to their different
geographic locations and the introgression between and within populations, which is
typical of all obligate outcrossing species such as Echinacea. A much greater percent
variation within populations was reported for three commercially relevant Echinacea
species using RAPD data (Kapteyn et al. 2002). They also found accessions of E. pallida
(E. pallida var. pallida) and E. angustifolia (E. pallida var. angustifolia) had variations
which were highly significant, but not the accessions of E. purpurea. The nine species
and three varieties of Echinacea were highly polymorphic (80%), when AFLP data was
used to determine the genetic diversity (Kim et al. 2004). The results form both these
studies agree with the high rates of polymorphisms observed in this study, except for the
geographically isolated species with very few populations, where the rates were
marginally lower, may be due to limited gene flow. Large populations usually represent
large gene pools and greater potential for measuring genetic diversity. However, the
geographic range, distribution of populations and resources for collecting and analysis,
determines the size of the sampling in a study such as the genetic diversity of Echinacea.
AMOVA was carried out to determine the genetic structure and to partition the
variance that was present at different hierarchical levels, such as population groups, local
populations, varieties and species of Echinacea. The variation in native Echinacea

populations was partitioned almost equally within and among populations within species
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(Table 3.5). This may reflect continuous gene flow throughout the range and
introgression within and among the species. E. purpurea and E. laevigata do not have
varieties; they are very isolated and have very few populations. There is more room for
introgression and hybridization when there are more varieties in a species, for example F.
pallida has five varieties and E. atrorubens has three varieties, and there are putative
hybrids between these two species and their varieties (Table 1.1). However, the variation
among the species and varieties was greater among the populations than within, the
variation was very high within populations (Table 3.6). The geographical proximity of
the populations belonging to particular variety may contribute to the variation among the
populations. When all the population variance was compared there was more variation
among populations than within populations (Table 3.7). Kapteyn et al. (2002) found high
percentages of variance within populations of the three commercially important species,
E. purpurea, E. pallida (E. pallida var. pallida) and E. angustifolia (E. pallida var.
angustifolia). But the percentage of variance among population was consistently lower in
all of them. So our data is consistent of what is expected of typical obligate outcrossing
species such as Echinacea and is in agreement with the previous studies.
Cluster analysis and principal coordinate analysis of the populations

The populations and the individuals from each population were grouped using the
Nei’s genetic distance matrix into species and varieties. The four groups matched the four
species of Binns et al. (2002a). But the eight groups, which were the varieties, did not
match the eight morphological varieties of Binns et al. (2002a), as varieties within a
species did not group together. Though the four species matched the species, their

relationships were different compared with morphological species relationships
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established by the morphological classification of Binns et al (2002a). E. laevigata was
the most distant species and was closer to E. purpurea based on the AFLP data (Fig 3.3).
However, according to morphological classification, E. purpurea was the most distant
species, but was still closer to E. laevigata. Morphologically they have similar
phenotypes, but still are separate species.

The four species were clearly separated in both cluster analysis and PCO, but not
the varieties. F. laevigata was the most distant of the four species. The varieties did not
match the morphological classification, but were consistent with the cluster analysis (Fig
2.4 and Fig 2.6). In PCO of both species and varieties, E. pallida is the most pivotal
species, from which other species and varieties seem to have radiated. E. atrorubens var.
atrorubens was isolated from the other conspecific varieties in both cluster and PCO
analyses indicating that it is a separate group, even though it is one of the three varieties
of E. atrorubens species.

Mantel test

Mantel test was used to test the association between various distance matrices.
The relationships between the genetic distances obtained from primer sets, D10, G10, and
the combined D10G10 data set were also established by this analysis. This will give an
estimate of how the primer set matrices correlate among them and with the combined
data set. Further, the relationships between the geographic distances of the populations,
based on the location of the various populations and their genetic distances were also
established.

There was high correlation and association between the primer sets and the

combined data set in general. Only in two cases the correlations were low despite
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association between them. They were, the D10 primer set with the G10 primer set when
all the species, varieties and the hybrids were considered and the D10 primer set with the
combined data set at the four species level. D10 primer is different from the G10 primer
set just by one nucleotide and may target slightly different regions of the genome.
However, there were very low correlations and no association between the genetic
distances of the populations and their geographic distribution. This may be attributed to
the high degree of variation seen within and among populations of E. pallida and E.
atrorubens. There is very high introgression among and within these populations, with
known hybrids between these two species (McGregor 1968; Binns et al. 2002a).
Correspondance analysis

Correspondance analysis requires that the data be in a two-way frequency cross
tabulation table format, it is neither appropriate nor possible to analyse the binary AFLP
data (Benzecri 1980; Benzecri 1992; Greenacre 1993; StatSoft Inc., 1984-2003), because
most individual samples are unique haplotypes. Furthermore, our aim was identification
of the species and to see if there is justification for some of the classes found with the
morphological classification in a previous publication. Any type of frequency data
derived from AFLP data of the samples from a population will not yield any kind of
identification scheme.
Canonical discriminant analysis

The AFLP data was treated as phenotypic data after the non homologous nature of
the sequences from the comigrating AFLP bands was verified. Canonical discriminant
analysis and classificatory discriminant analysis were carried out to see 1) if there is

justification to support for morphological classitication of Binns et al. (2002a). 2) to see
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if the species and varieties can be classified using the AFLP data. Phylogenetic analysis
on the AFLP phenotypic data was carried out to find the synapomorphies associated with
the groups for the purpose of identification of the species and varieties using AFLP data
(Fig 2.10). These two analyses are based on the AFLP phenotype, which is separate from
the cluster and PCO analyses; hence the results may not be compared. Canonical
discriminant analysis was used to assess if there is justification for the species and the
varieties of Echinacea, which were preset for the analysis according to the morphological
classification of the specimens (Binns et al. 2002a). This analysis assumes the groupings
from the morphological groupings, but uses only the AFLP variables for analysis. The
AFLP binary variables or any other binary variables can be used for analysis, even
though they do not satisty all the assumptions (Krzanowski 1975; Lachenbruch 1975)
The assumptions in discriminant analysis (Klecka 1984) are that 1) The variables
are in two or more groups 2) Atleast two variables cases per group 3) any number of
variables, provided it is less than total number of cases minus two 4) discriminating
variables are measured at the interval level 5) discriminant variables may not be a linear
combination of other discriminating variables 6) covariance matrices for each group must
be approximately equal, unless special formulas are used 7) each group has been drawn
from a population with a multivariate normal distribution on the discriminating variables.
Because our data did not meet all the assumptions, namely that the group has been drawn
from a population with multivariate normal distribution of the discriminating variables,

discriminant analysis was used as a guide only, and the test statistics were not used for

the analysis.
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Discriminant analysis of AFLP data has been used to identify the source of F. coli
contamination (Guan et al. 2002) and they have also used other methods such as
immunological verification to corroborate the AFLP data. Beef cattle were grouped based
for their marbling score by discriminant analysis as high and low groups based on their
AFLP fragment data (Tsuji et al. 2004). Discriminant analysis has been shown to be a
robust technique which can tolerate some deviations from these assumptions and not all
aspects of the analysis require these assumptions (Lachenbruch 1975; Klecka 1984). Only
when there is small sample size does one need to be more careful about satisfying the
assumptions, with large data such as the one generated in this study, the tests of
significance can be ignored if the data violates the assumption (Krzanowski 1975;
Lachenbruch 1975). Problems with the data set, such as large amounts of missing data or
variables which are highly correlated, may pose a problem in the discriminant analysis
(Klecka 1984). In addition, a variable with zero standard deviation within one or more
groups, grossly different group sizes and outliers may cause a problem in the discriminant
analysis, which was not the case in our data set.

The four groups (Fig 3.7) matched the four groups established by morphometric
analysis and corroborated the four species established by morphology (Binns et al.
2002a). D10 primer set with 6 variables with the greatest F-values was important in
forming the groups, with few variables from the G10 primer set (Table 3.11). However,
the groups for varieties (Fig 3.8), despite high canonical correlations did not match the
eight varieties of morphological classification (Binns et al. 2002a).

Classificatory discriminant analysis

Classificatory discriminant analysis was carried out to obtain the discriminant functions,
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based on the AFLP fragments, to be used for the correct identification of an unknown specimen
to the species and varieties of Echinacea. Since we did not find species specific or variety
specific bands which could be used for identification purposes, we resorted to this analysis.
Parametric analysis and non parametric analyses were used to find discriminant functions for the
correct identification specimen to a species. Parametric analysis is appropriate when the
assumptions, that the data are approximately normal within class distributions are used for the
analysis. But in nonparametric analysis, the within class distributions need not be normal or can
be different from multivariate normal distribution, as was in the case with our data and need not
meet the assumptions for analysis.

Parametric analysis was useful in classifying the test sample with more than 90%
correct classification, but required 68 variables which are the AFLP fragments for
classification for the species and 74 variables for the varieties. But parametric analysis
failed to meet the 99% correct classification criteria, which was the goal set at the start of
the project. However, it still can be used for the purpose of identification of a specimen to
a specific group with a lower degree of accuracy.

Nonparametric analysis based on the k-nearest neighbor analysis yielded only
97% correct classification for the species and 98% for the varieties. This was better than
the parametric analyses. Thus, using one or both the methods it is possible to identify an
individual plant to a species or variety using the discriminant functions.
Phylogenetic analysis

Phylogenetic analysis was carried out as a device only, to group the 435

individuals based on their AFLP phenotype and primarily to identify the synapomorphies
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associated with the groups. These group specific synapomorphies are the AFLP
fragments which can be used to identify the groups. We were interested in the bands, as
they can be cloned, sequenced and sequence characterized. Specific PCR primers can be
designed based on the sequence of the fragments and amplified by PCR, for use in
identification of species or varieties. This way, unknown samples could be identified to
the group.

The original Phylogram is 20 pages long containing all the 435 samples used in
this study and is included in the appendix of the thesis, but a condensed phylogram is
shown in Fig. 3.10. The choice of functional out-group (FOG) as an out-group for rooting
trees follows the operational rules set (FIG/FOG) by Watrous and Wheeler (1981) in
parsimony analysis was justified as E. purpurea was found to be the sister group of all
the species of Echinacea in morphological classification. This has been used for testing
relationships in the family Lacertidae using mitochondrial 128 and 16S genes and
phylogenetic analysis by other such as Fu and Murphy (1997).

Two clear groups of individuals from E. purpurea and E. laevigata were apparent
in the phylogram. Synapomorphies were associated with only E. purpurea. The other two
species formed groups, but the individuals from the same species were not limited to the
same group. Only four of the eight varieties, E. atrorubens var. atrorubens, E. atrorubens
var. neglecta, E. atrorubens var. paradoxa and E. pallida var. tennesseensis formed
groups in the phylogram and were associated with synapomorphies. Whether these
groups are taxonomic entities will need further investigation.

Using AFLP data, Kim et al. (2004) identified two groups, one consisting of £.

purpurea, E. sanguinea and E. simulata and the other group containing the rest of the
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species and varieties of Echinacea tested. The division into two groups had high
bootstrap support. However, when they portrayed the relationship of these groups by a
different method such as PCA, E. purpurea clustered separately from all other taxa. The
groups did not support the four species and eight varieties of Echinacea of Binns et al.
(2002a).They also found that Echinacea taxa are closely related; with the average within
population genetic distance only 0.029 whereas, the average pairwise distance between
two populations was almost three times higher. They point out that small genetic
distances and low bootstrap values for several groups within groups may indicate the
recent divergence of Echinacea.

In contrast to Kim et al. (2004) we found four groups which support the four
morphological species of Binns et al. (2002a) namely, E. purpurea, E. pallida, F.
atrorubens and E. laevigata. We differed from Binns e‘t al (2002a) in that E. laevigata
was the most distant species, whereas E. purpurea was the most distant in their study.
With respect to varieties we did not find support for the eight varieties of Binns et al.
(2002a).

There are several possible reasons for the differences between our results and the
results of Kim et al. (2004) including: 1) sample size. Kim et al. used only 39 plants
representing nine species and three varieties (sensu McGregor, 1968), compared to the
435 plants collected and analyzed in our study; 2) most of their samples were obtained as
seed from germplasm collections and identified based upon the taxonomy of McGregor,
1968. We used the updated version of Binns et al. (2002a). Thus, there may have been
misidentification or confusion in the taxonomy of Echinacea; 3) possible differences in

laboratory practices in the application of AFLP such as purity of DNA, ensuring
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complete DNA digestion, ligation of the adaptors and data scoring may vary affecting the
results; 4) the use of neighbor-joining method to construct a dendrogram of individual
samples with the assumption of comigrating band homology. This assumption is not be
valid appropriate, as our results showed that the comigrating bands were not similar.

Both NJ analysis and UPGMA analysis can be used for analysis of AFLP data.
However, both types of analysis may not be suitable for establishing phylogenetic
relationships. Neighbor joining methods also work by clustering and do not assume a
molecular clock. NJ methods are computationally rapid and the approximation is
considered to be quite good for grouping large number of taxa (Felsenstein, 2004).
However, NJ methods test only single events and do not estimate back mutations. This
method is not suitable for AFLP fragments which are not homologous and non
independent and underestimates long distances. Thus the use of NJ methods depends on
the kind of data and the goal of the analysis. We used phylogenetic analysis of the
phenotypic data as a device to identify the synapomorphies associated with the groups for
identification only, but not for phylogenetic analysis.

UPGMA is a group average method with a hierarchical monotonic clustering
scheme and has a conserving effect on space (Sneath and Sokal, 1973). Even though
UPGMA assumes a molecular clock and rate of constancy among the lineages, the
method can be used for studying relationships between species and varieties within a
genus. However, phylogenetic analysis may yield misleading results if the distances
actually reflect a substantially nonclock-like tree (Felsenstein, 2004). UPGMA was used

to study the relationships between the species, and the varieties, separately in our study.
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BA concentration Mean number of explants  Mean percentage of Std. Error
producing callus/total explants producing
mg 1" uM number of explants callus
0.0 0.0 0/72 0 0
0.5 1.2 0/60 0 0
1.0 2.4 0/72 0 0
2.0 4.8 24/72 33.33%* 3.33
2.5 6.0 32/60 53.33** 6.66
5.0 12.0 22/60 36.67** 3.33
7.5 18.0 20/60 33.33% 8.81

Data are means of two experiments, each with three replicates. * P < 5%; ** P < 1%.



Tissue culture and Ecology of Echinacea

The major source country for Echinacea is the United States of America with the
natural populations distributed in the central and south-western USA. Since the natural
populations are dwindling due to wild crafting and loss of habitat, commercial cultivation
is the choice to meet the requirements of the herbal industry in North America and
Europe. Echinacea is collected by the herbal industry by wild crafting, controlled wild
crafting or semi-cultivation, and commercial cultivation. Quality, consistency, and
efficacy, of wild crafted material are a problem and standardization is especially
important, when it comes to clinical trials. £. purpurea is the best known species for
commercial cultivation in Europe and USA, with some cultivation of E. pallida var.
pallida and E. pallida var. angustifolia. Comamercial cultivation of Echinacea is mostly
located in North-Western United States, and western Canada (Letchamo et al. 2002).
Austria, Germany, Russia, New Zealand, Ukraine, Yugoslavia and Republic of South
Africa are growing E. purpurea and E. pallida var. pallida on commercial scales. Non
traditional Echinacea growing countries such as Africa, Asia, Latin America and Middle
East are introducing commercial cultivation.

Commercial cultivation of Echinacea will help in preserving the wild populations
of Echinacea. However, monoculture in cultivated Echinacea may become a problem
and result in the loss of genetic diversity. Genetic diversity in commercial E. purpurea
was very high as observed in this study. There is vast amount of variation and genetic
diversity in the natural populations of Echinacea. Hence a germplasm collection of all the
genetically diverse Echinacea species and varieties is a good idea for genetic selection

and improvement of Echinacea. Cultivars with higher root and shoot yield, ease of
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mechanical harvesting, uniform growth, flowering, seed ripening, good leaf to stem ratio
are necessary for commercial cultivation (Letchamo et al. 2002). In addition higher
content of active ingredients such as cichoric acid, isobutyl amides, polysaccharides and
essential oils are also desirable in the commercial cultivars (Letchamo et al. 2002).
Hence, we have to study all the variations in the natural populations and preserve the
germplasm after careful evaluation. AFLP methods are ideal for detecting large amounts
of variation present within and among individuals, populations, species and varieties.

The tissue culture methods developed in this study for E. purpurea may be used
for production of uniform Echinacea plants for commercial cultivation. This would
ensure the quality, consistency and efficacy of the products. The uniform plants can also
be used in the selection and breeding efforts for better cultivar development. Hydroponic
cultivation of E. purpurea is seen as a faster way of producing potent roots, than field
grown roots, as it takes three years for the roots to fully develop for harvesting. In
addition germinating seeds and transplanting seedlings is laborious and expensive. Thus
tissue culture rooted plants can be used for commercial cultivation either in the field or
by hydroponics.
Conclusions

Comigrating, AFLP monomorphic bands are similar, whereas the polymorphic
bands were not similar in Echinacea species and varieties. However, due the identical
mobility of the AFLP comigrating bands, they were considered homologous and treated
as phenotypic data.

No species-specific or variety-specific bands were found for the identification of

Echinacea species or varieties. The four species morphological classification of
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Echinacea was corroborated by the AFLP data, but not the eight varieties of Echinacea.
Only two of the four species, and three of the eight varieties, were clearly identified as
groups by phylogenetic analysis, with synapomorphies. Mass propagation of Echinacea,
using tissue culture of natural populations can be used for production of uniform plants,
from selected elite lines for commercial cultivation, hydroponic culture or for
reintroduction into the natural habitat of the nearly extinct species or varieties.
Future work

Practical methods for species identification are critical for the herbal industry.
Further work is required to establish these methods and make them practical.
Determining ploidy levels of new germplasm can assist in species determination (Bonos
et al. 2002). Use of the laser flow cytometry for determining the ploidy level of the entire
Echinacea germplasm may indicate the extent of introgression in the natural populations.
In addition chromosome counts of the entire germplasm would be useful in determining
the correlation of the chromosome numbers to the nuclear DNA content.

AFLP data has been used to resolve species in both eukaryotes and
prokaryotes (Savelkoul et al. 1999). DNA sequencing has been used successfully to
identify individual samples and draw species boundaries in populations (Stoeckle, 2003;
Hebert et al. 2004). However, in the case of Echinacea each individual plant had a unique
AFLP profile. Thus it is hard to draw species boundaries based only on AFLP data. Even
though individual samples can be grouped using the AFLP data, these groups may not
represent species. The species must be independently researched using other methods

such as morphology, ploidy levels and crossing experiments. The whole biological
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species concept may have to be re-examined if AFLP data were to be used for drawing
species boundaries depending on taxonomic level and category.

The problems in data scoring, analysis and the potential bias that may be
introduced due the codominant nature of AFLP combined with lack of sequence identity
limits their use for population genetic and evolutionary studies. Sequencing all of the
comigrating monomorphic and polymorphic bands from all the species and varieties of
Echinacea would help better understand the nature of the comigrating bands. Further,
abundant markers such as SNPs (Single Nucleotide Polymorphisms) could be used as
simple genetic markers, which are found in the vicinity of every possible gene in the
genome, for genetic diversity estimation (Osman et al. 2003). The high level of
polymorphism observed in Echinacea facilitates identification of SNPs. AFLP fragment
derived SNPs can be used to increase the number of polymorphisms and to better cover
the genome (Rafalski 2002).

High-throughput sequencing of multiple orthologous loci across species and
varieties, and complete understanding of the processes influencing nucleotide diversity
are critical. Association of the diversity with function of genes and phenotypes in the
natural populations will yield useful alleles for plant breeding and crop improvement.
Association approaches can be combined with high throughput genomics to characterize
the genomes (Buckler et al. 2002). Application of expressed sequence tags in plant
biology is gaining strength with large amounts of sequence data available for non-model
organisms and whole genome sequencing may be the future (Crawford and Mort, 2003).
Sequencing, one gene or a set of genes across the species and varieties of Echinacea will

help understand the process of speciation and reveal the diversity of Echinacea which is
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not possible now. As we seek uniform and practical methods of species identification,
DNA bar coding may be used in conservation biology (Stoeckle 2003).

Hebert et al. (2004) have identified species of birds taken from museum samples
which were tentatively identified before the molecular species classification. They have
used a 10X average intraspecific difference as a threshold for sequence difference for
drawing species boundaries based on a 684-bp region of the mitochondrial cytochrome
oxidase I gene. However, in plants the same gene cannot be used due to lack of
differences in the sequence between species. Finding a suitable gene in plants, which are
highly conserved to make universal primers for PCR amplification and still divergent
enough for species identification is a real problem.

Establishing tissue culture methods for the regeneration and multiplication of all
the species and varieties of Echinacea is necessary for commercial production as well as

for conserving the natural populations.
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