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ABSTRACT
There are over 30 species of terrestrial orchids in Indiana, all of
which are threatened or endangered because of man's encroachment into
their natural habitats. In order to protect our native orchids and identify
endangered populations, we have assessed the genetic variation within
one species, Aplectrwn hyemale. Twenty samples were collected from
three different forests. The samples collected were compared for both
within and between population genetic variability. Various DNA isolation
protocols were compared, the polymerase chain reaction (PCR) conditions
optimized, and five Random Amplified Polymorphic DNA (RAPD)
primers tested. Out of the total of 50 bands obtained, 36 (72 %) were
polymorphic in size. The estimated genetic variability within a population
averaged 86% and between populations 14%. Although the mode of
reproduction of the species is not known, the data strongly suggest that
the species is not reproducing only clonally or by self-pollination, as
proposed by Adams (1970; Bulletin of Torrey Botanical Club 97(4):219224), but is involved in sexual reproduction.
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INTRODUCTION
Incomplete biological information on the earth's biodiversity is one
of the major problems facing us in environmental preservation. With
over 30,000 species, orchids comprise one of the largest and
morphologically diverse angiosperm families (Arditti 1992). However,
almost nothing is known about their genetic diversity within natural
populations, which could aid in conservation of threatened and
endangered species. To protect tropical epiphytic species, many have
been preserved in greenhouses which may serve as their [mal refuge.
Terrestrial orchids, with generally smaller, less showy flowers are less
diverse but are found in most terrestrial environments from the Arctic to
dry scrub forests (Homoya 1993). Like the epiphytic species, habitat
destruction is responsible for the rare or endangered status of many of
them. However, few of these species are preserved in greenhouses since
little is known concerning their germination, culture, or growing
conditions. In addition, their flowers have little commercial value.
In order to conserve biological diversity in our environment,

preservation of native endangered orchids is of concern. Reduction in
1

numbers as a result of habitat perturbations to their natural environments
may result in species loss since many species of plants, animals, and
microorganisms are involved in complex and interdependent networks of
relationships. Not only is species conservation linked to habitat
preservation, the size of a population is thought to be important to
maintain genetic variation. Small, isolated populations may permit
genetic drift to influence genetic structure and/or loss of variation may
negatively impact the ability of a population to adapt to disease, pest, or a
changing environment (Barrett and Kohn; Polasky et al. 1993).
Species differ widely in the degree of polymorphism maintained.
For example, approximately 25 times more polymorphism can be detected
in maize than in humans (Burr 1989). Although little is currently known
concerning the level of polymorphism exhibited by most plant species,
this information will be important to obtain as rapidly as possible in order
to permit measurement of the effects of perturbations to natural
ecosystems and to develop conservation plans to preserve rare or
threatened species.
Genetic information is being accumulated to examine the genetic
profile that defines rare versus widespread species for a few plant species
and populations (Millar and Libby 1991) and to apply this information to
conservative strategies. In studying Northern Hemisphere conifers,
Millar and Libby (1991) summarized the patterns of variation encountered
into several groups: 1) little to no variation within species; 2) no
variations within populations, variation among populations; 3) little
variation within populations, little variation among populations; 4) high

-

variation within populations, little variation among populations; and 5)
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high variation among populations, high variation among populations.
Understanding the genetic architecture of populations facilitates the
development of appropriate conservation strategies and permits changes in
population structure to be monitored over time.
In order to begin to assess the genetic structure of terrestrial orchid
populations, this preliminary study was performed on a single, fairly
wide-spread species, Aplectrwn hyemale, which is indigenous to the
eastern deciduous forests of Canada and the United States (Auclair 1972).
For this pilot study of assessment of within and between population
genetic variability of A. hyemale, we wanted to develop a relatively
inexpensive method to rapidly obtain molecular data using very small
pieces of tissue in order not to further endanger already threatened
species. We used random amplified polymorphic DNA (RAPD) markers
and the polymerase chain reaction (PCR) to generate a set of fmgerprints
specific to every individual examined. The methods developed and the
measurements of genetic diversity determined in this study could then be
used as baseline data for comparisons with other terrestrial orchids or
additional plant species. The ultimate goal is to better understand the
genetic variation within and between populations in order that
conservation strategies may be developed to preserve endangered species.

3

REVIEW OF LITERATURE
Biological Diversity and Conservation
Biological diversity is a term that is widely used and a phenomenon
that is commonly studied. Often, it is associated with extinction and/or
conservation of threatened and endangered species. Biological diversity
is dependent upon the number of species within an area, the abundance of
individuals comprising a species, and the genetic distance between species
(Solow et al. 1993). However, although genetic diversity within one
species is not included in this list, it is believed that it does influence a
species' extinction rate. Polasky et al. (1993) have stated that the
probability of maintaining one species increases with the number of
conserved members. This is only valid when the conserved members are
genetically diverse, because a large genetic pool is a necessary
prerequisite for resisting various environmental constraints. Thus,
genetically diverse populations have a better chance of surviving adversity
than those that are similar.
Since our human and monetary resources are limited and
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conservation resources must be efficiently allocated, it is necessary to
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precisely define what should be conserved (Solow et al. 1993). There are
different strategies that can be utilized for this purpose. Polasky (1993)
stresses the importance of conserving species that can be of benefit in the
future, such as -those that can provide a cure for a disease or reduce the
level of hunger in the world. Franklin (1993) argues that instead of
focusing on species, subspecies, and populations, efforts should be made
to preserve ecosystems and landscapes. Because many species of plants,
animals, and microorganisms are involved in a complex and
interdependent network of relationships, extinction of one species may
cause subsequential extinction of others in the chain. In addition,
Franklin (1993) states that there are too many species to handle on a
species·-by-species approach, since it is time-consuming, expensive, and
practically impossible.
Although preservation of the natural environment is optimal, nature
reserves and/or botanical gardens can serve as means of conservation of
plant species. These facilities have their limitations and may not always
be adequate since they have to be large enough to maintain a sufficient
genetic pool. In addition, botanical gardens have the disadvantage of not
being able to provide specific conditions certain species might require for
growth . Indeed, it is not always known what conditions certain species
need to survive outside of their natural habitats.
In particular, orchid conservation has shown to be extremely

difficult and complex. Since orchids are among the most beautiful and
diverse of angiosperms (flowering plants), plant collectors have amply
stripped them from their natural habitats (Arditti 1991). In order to
protect orchid species biodiversity, it has been proposed that sales and

-
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trades of collected orchids should be banned by all companies except for
one central carefully selected institution per country, such as a national
botanical garden (Arditti 1992). He also has proposed that species should
be sold and traded only as seeds, young plants in community pots, or
flowering plants where the flower can be clearly identified.
Conservation of diversity in native American orchids is also
difficult. As opposed to tropical epiphytic orchids, terrestrial orchids
usually do poorly in cultivation and cannot be maintained outside their
natural habitats (Homoya 1993). Concerning their conservation, it has
been suggested that they be maintained in their natural habitats, and if
samples should be collected for scientific purposes, only small portions of
tissue should be taken so that the rest of the organism can survive
(Homoya 1993). In addition, if possible, Homoya (1993) suggests that at
least ten or more plants should be left untouched in proximity to one
another.

What Sets Orchids Apart from Other Aogiosperms?
Being composed of over 30,000 different plant species,
Orchidaceae is one of the largest angiosperm families in the world
(Homoya 1993). However, it is not just the number of species that is
fascinating: orchids are impressive whether we consider their rich
diversity, complex biology, or majestic beauty.
Even though orchids considerably vary in size, shape, color, and
many other features, they all share some common characteristics.
Homoya (1993) has briefly summarized terrestrial orchid morphology and

-

reproduction. A terrestrial orchid, Aplectrum hyemale (Fig. 1), is used
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Figure 1. Aplectrum hyemale, the putty-root orchid.
Panel A. The flower and its parts, enlarged two times
(Homoya 1993).
Panel B. The seedpod in its natural size (Homoya 1993).
Panel C. The leaves showing the monocot venation, the
spherical root corms, and the flower stem,
diminished in half (Gleason 1952).
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here to illustrate basic orchid floral morphology. Orchids are monocots,
meaning literally "one seed-leaf," a feature characterized by parallel leaf
venation and petals and sepals in multiples of three. There are many
other features unique to the Orchidaceae family, some of which are
mentioned below. The third petal (Fig. IA) called the lip, or labellum, is
a feature unique to the orchid family. Usually, it is the most variable
part in shape and color, and it is resupinate, meaning "turned upside
down," or twisted during development. Another flower part
characteristic to orchids is a column, a structure formed by fusion of
reproductive parts (anthers, filaments, stigmas, and styles) that are
usually separate in other plants. Orchid roots are also fairly unique and
can be used in species characterization. For example, A. hyema1e roots
have spherical corms (Fig. Ie).
Orchid reproduction can be divided into two categories: sexual and
asexual. Most orchids produce sexually, by union of an egg and a sperm
in a viable seed, contained within a seedpod (Fig. IB). However, some
orchids reproduce asexually, or by apomixis, which is accomplished
through vegetative means or parthenogenesis, (development of a viable
seed from unfertilized ovules or agamospermy). Orchids can be
autogamous (self-pollinating), cleistogamous (self-pollinating while the
buds are still closed), or allogamous (cross-pollinating). An important
difference between sexual and asexual reproduction is that the first one
produces genetically diverse individuals, while the second one, together
with autogamy and cleistogamy, mostly produces genetically identical
individuals, or clones.

-

In the case of sexual reproduction, orchids are usually pollinated by
9

insects, most commonly hymenoptera (50%), followed by flies (15%),
euglossine bees (10%), and others (Arditti 1992). Table 1 lists some of
the orchid flower features that help attract pollinators.

Table 1. Some pollinator-associated features in orchid
flowers (ArditO 1992).
Species (example)·

Anractant
Food (nectar)
Scents (odors)
Pseudopollen
Food

Cauleya maxima
Calasetum plalyglossum
Maxillaria venusca
Polyscachya luceola
Eulophla horsfalil
Maxillaria divaflcaca
Elylhr anter a
Odoncoglossum kegeljani
Bulbophyllum macrorhopalon
Pceroscylis
Orchis israelilica mimics the beetle
Belleva"a F1exuosa
Ophrys
Encyclia cochlea lab
OnCld,um plamlabre b

h,ilrS

Callus
Wax
Color
Deception (pseudonectaries)
Movable parts
Traps
Mimicry
Simulation of sexual partner
Simulacion of prey
Simulation of antagonist

• A number 01 ordIJds may combine several (two or more) a"raClanlS, lot examples,
seen!. nec1ar. colorallon, .lind mimICry.
°Some OtdIJd-pollin.lltion ecologim consider Ihese 10 he doubllul.

Based on the type of support they can grow on, orchids can be
divided into three groups: epiphytic (70%), terrestrial (25%), and other
(5%)(Arditti 1992). Epiphytic orchids grow on other plants, usually
trees, because such a life style allows them to control water and nutrient
uptake (Arditti 1992). As the name suggests, terrestrial orchids grow in
the soil. Finally, other orchids use various types of support, such as
rocks (Arditti 1992). Because of their susceptibility to weather
conditions, most epiphytic orchids are found in the tropics, while
terrestrial orchids are mostly found in the temperate climate ranges
(Arditti 1992).
In Indiana, there are 43 different species of terrestrial orchids

-

(Homoya 1993). However, the number is subject to change, unless a
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conservation plan for some of these species is proposed. There are
several native orchids that are rare, threatened, or endangered.
According to Homoya (1993), species are rare if there are 11-20 reported
occurrences in the state, threatened if there are six to 10 occurrences, and
endangered if there are one to five occurrences. The six most
endangered species belong to the following genera: Malaxis, Plalanthera,
and Spiranthes (Homoya 1992). On the other hand, Aplectrum hyemale
is fairly common in Indiana.

Aplectrum hyemaJe
A terrestrial orchid, Aplectrum hyemale, commonly known as
putty-root or Adam and Eve orchid, belongs to the Orchidaceae family,
Orchidaideae subfamily, and, according to Luer (1975), the Maxillarieae
tribe and Corallotrizinae subtribe, or according to Pijl and Dodson
(1966), to the Vandeae tribe and Crytopodiinae subtribe. Its genus name
was derived by Nuttall from the Greek words a for "without" and

plectron for "spur," referring to the absence of a spur in the flower (Luer
1975). Its species name stands for the Greek word for "winter,"
referring to the winter leaf of the species (Homoya 1993).

A. hyemale was popular and widely used by Cherokee Indians
(Arditti 1992) and early settlers (Luer 1975). The Cherokees used it as
glue and food for pigs (leaves) and humans (bulbs and tubers). However,
they also used it for other purposes, such as to treat bronchial disease and
boils, and to endow children with eloquence. Early settlers believed the
corms to have mystical properties: they were amulets for poor people,

-

fortune tellers if thrown in water, medication for treating sores, and the
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first type of bubble-gum.
Although the geographic range of A. hyemale is not uniform, the
plants are found in the north-eastern deciduous forests of the United
States (Auclair 1972). Figure 2 (Panel A) shows its distribution on the
continent. Auclair (1972) divided the region into three general
subdivisions: (1) the Great Lakes-St. Lawrence River region, (2) The
Midwest United States including the Missouri, Mississippi, and Ohio
River basins, and (3) a central distribution including the southern
Appalachians, the Piedmont of North Carolina and Virginia, and
northeastern United States, excluding Maine. In Indiana, the species is
mostly found in the southern half of the state (see Fig. 2, Panel B for
county distribution).
These orchids have an unusual life-cycle. They put out a single
leaf on the forest floor in the late fall when all the leaves have fallen
from the trees. The green leaf persists through the winter,
photosynthesizing on warmer days. In the spring one flower spike
bearing a few green-brownish flowers, may appear for more than a dozen
of leaves (Luer 1975). Throughout the summer, there are no parts of the
plant visible above the ground. This life-cycle is advantageous to this
species because it does not have to compete for light with other green
plants (Gavin 1978).
The early studies of A. hyemale SU"ested that its genotype is
relatively homogeneous (Adams 1970), and that the lack of diversity may
be attributed to their autogamy (Hogan 1982). Autogamy was suggested
after lack of identification of any pollinators and examination of flowers
that showed no presence of nectar (Hogan 1982).
12
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Figure 2. Geographic range of A. hyemale.
Panel A. In the United States (dotted region) (Homoya
1993).
Panel B. In Indiana (counties) (Homoya 1993).
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Detection of Variation at the Molecular Level
At least three methods have been proposed that can be utilized to
detect the extent of genetic variation within and between populations:
morphological variation, comparisons of allozymes by electrophoresis,
and DNA variation (Schaal et al. 1991). A method for DNA variation
determination, DNA fingerprinting, has an advantage over the other two
methods because it allows for genetic variation to be directly measured
instead of estimated from phenotypic data (Schaal et al. 1991). In this
section, the following regions of DNA will be compared for their abilities
to detect genetic variability at different taxonomic levels: conserved
sequences (genes), chloroplast DNA, minisatellites, the internal
transcribed spacer region of ribosomal tandem repeats (ITS), and random
amplified polymorphic DNA (RAPD).
Because of their specific function, genes are often highly conserved
and can be used in studying evolutionary relationships between distantly
related organisms. They have not shown to be useful in population
studies within a species, but there are some exceptions, as the following
example illustrates. When asexually reproducing dandelions were
analyzed for possible existence of genetic variability, the alcohol
dehydrogenase 2 gene showed no variation but variation was detected in
the alcohol dehydrogenase 1 gene (King and Schaal 1990).
Chloroplast DNA (ctDNA) can be a useful source of information
because its evolution is independent of the nuclear genome evolution
(Chase and Hills 1992). In the study described in the previous paragraph
(King and Schaal 1990), ctDNA analysis showed no variation within one

-

speCIes. However, ctDNA analyses have successfully been used to
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construct phylogenetic trees of related species. For example, Davis and
Soreng (1993) used ctDNA analysis to place certain grass genera into
proper subfamilies, after traditional means of taxonomy failed.
Population structure can be assayed using minisatellite DNA
sequences that are highly variable as probes in a Southern blot analysis
(Rogstad et al. 1991). The sequences are moderately repetitive, as has
been shown in the human genome (Jeffreys 1985). However, the method
has also been successfully applied to plant population studies. In one
study, the probe clearly distinguished between individual plants from
different populations of Asimina triloba Dunal, showing a distinct set of
DNA fragments for each site (Rogstad et al. 1991). In another study
(Nybom and Schaal 1990), DNA fmgerprinting using the minisatellite
locus was employed to determine the mode of reproduction of
blackberries and raspberries. This was based on the idea that sexually
reproducing populations should exhibit greater genotypic variation than
asexually reproducing individuals.
The internal transcribed spacer (ITS) region is a nuclear DNA
region located between the two genes that code for the small and large
ribosomal subunits (Russell 1990). Although transcribed, this region is
excised during formation of ribosomal RNA and is not subject to
conservation in evolution. The region can be analyzed either by peR
amplification and restriction digestion of the DNA or by restriction
digestion followed by Southern blot analysis. The ITS region has been
used extensively in both population and molecular evolution studies. In
population studies, it has been used to compare within and between

--

population genetic variability of both rare (Brauner at al. 1992) and
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common plants (King and Schaal 1989). It has also been used in
construction of phylogenetic trees of related genera, especially in the
cases where traditional methods failed to provide enough information for
proper placement, as in case of certain arthropod genera (Drouin et al.
1992). In microbiology, the ITS region has been analyzed in order to
successfully differentiate between bacterial strains (Frothingham and
Wilson 1993).
Recently, a new strategy for DNA fmgerprinting, random amplified
polymorphic DNA (RAPD), which does not require knowledge of DNA
sequences in order to generate data has been developed (Williams et al.
1990). This method uses short oligonucleotides, usually 10 bp in size, as
primers in the polymerase chain reaction (pCR)(See p.21). These
primers can be used alone or in pairs to create a fingerprint specific to an
individual (Welsh and McClelland 1991). Similar to the ITS primers,
RAPD primers have been used to generate DNA fmgerprints in both
population and phylogenetic studies. Chalmers et al. (1992) have
compared the data obtained from 11 RAPD markers to estimate withinand between-population genetic variability of Gliricidia sepiwn and G.

maculata trees native to Central America and Mexico in order to optimize
sampling and breeding strategies. RAPD primers have also been used for
phylogenetic analyses of different species within a genus as well as
between related genera. Van Coppenolle et al. (1993) have looked at
genetic diversity and phylogeny of Azolla (rice) species and were able to
identify three distinct groups of species using this technique. Finally, the
method has been successfully used to distinguish between wild strains and

-.

cultivated mushrooms of the species, Agaricus bisporus (Khush et al.
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1992).
Molecular studies of orchid populations are scarce. Some research
has been done using ctDNA and allozyme analyses. Chloroplast DNA
analysis has been used to determine the extent of relatedness between
genera Cyrtopodium and Galeandra, which are believed to be the closest
relatives within the Catasetinae family (Chase and Hills 1992). In
another study (Case 1994), allozyme analysis has been used to construct a
phylogenetic tree between five species of Cypripediwn.
Which method is best for detection of molecular variation? The
answer certainly depends on the problem one is trying to solve. In
population studies, where high sensitivity to variation is required, RAPDs
have shown to be very useful. The RAPD method has been used
extensively because of its convenience, e.g. the primers are inexpensive
and no specific DNA sequence knowledge is required in order to create
them. When compared to other DNA fmgerprinting techniques, RAPD
analysis ranked high because it is not labor-intensive, it is fairly
inexpensive, and requires only a small amount of tissue (Bostock et al.
1993). Because it is able to detect single base changes, deletions, and
insertions, this method is very sensitive (Rafalski and Tingey 1993).

DNA Isolation
In order to isolate and purify DNA of interest, a number of basic
steps have to be performed. Tissue has to be ground up, and cells
opened. Once cells are lysed, the DNA-associated proteins have to be
denatured and removed, usually using chloroform. From the crude
extract, DNA can be purified using various methods such as alcohol
-..
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precipitation, cesium chloride/ethidium bromide equilibrium density
centrifugation, low melting agarose gel electrophoresis, etc. Two
different approaches to plant DNA isolation and various modifications of
one of them will be discussed here.
The first method, developed by Edwards et al. (1991), uses
sodium dodecyl sulfite (SDS) detergent in combination with a low
concentration of salt in order to lyse cells during incubation at elevated
temperature. Once cells are lysed, DNA is precipitated using
isopropanol. According to the author, the DNA stored in TE buffer
remains stable at 4°C for over a year. This method is practical since it
requires a small amount of tissue, it is fast, and it does not involve any
hazardous organic solvents. However, tissue is ground using a plastic
tissue grinder, which is not always a very efficient method for cellopening and the product is often not PeR-amplifiable.
Another method, developed by Doyle and Doyle (1990), uses
hexadecyltrimethylammonium bromide (CTAB) detergent in combination
with high salt concentration in order to lyse cells at elevated temperature.
First, tissue is ground in liquid nitrogen to rupture cells. After
incubation, the samples are treated with a chloroform:isoamyl alcohol
mixture to denature protein. The aqueous phase is collected and treated
with isopropanol to precipitate DNA. The samples may also be treated
with RNase in order to degrade RNA. This method is simple and
practical, yet a number of modifications has been suggested in order to
improve DNA yield and purity. For example, it has been suggested that
polyethylene glycol (pEG) precipitation step be added at the end for
additional purification of the fmal product (Mak and Ho 1993).
19

Finally, the Green-Genel'M Plant DNA Isolation Kit from Clontech
is based on the method developed by Doyle and Doyle. They suggest to
add a bit of sand as an abrasive for cell lysis and sodium bisulfite as a
reductant to the-liquid nitrogen for tissue grinding. They also
recommend adding RNase to the incubation buffer to save time. The
samples are also treated with phenol to denature proteins. Although this
method yields relatively pure DNA, it is fairly time-consuming. It also
uses phenol, which is dangerous and difficult to completely eliminate
from samples. In addition, it may not be adventageous in plants with
indigenous high phenol levels.

The Polymerase Chain Reaction
Having the potential of application in diverse fields, such as
medicine, biology, and anthropology, the polymerase chain reaction
(PCR) has been one of the most revolutionary discoveries of molecular
biology in the last decade. The reason for its immense applicability lies
in its ability to in vitro amplify DNA fragments from even the smallest
amount (as little as one molecule) of impure and complex DNA in only a
few hours. PCR enables scientists to amplify specific regions of DNA of
50 to 2000 base pairs (bp) long (Eisenstein 1990). The PCR method was
developed by a team .of workers at Cetus Corporation. In 1993, Kary
Mullis, a scientist who developed the PCR, received a Nobel Prize in
Chemistry for this accomplishment.
Being carried out in only a small test-tube, PCR is composed of
three simple steps, occuring at different temperatures (Fig. 3A). Besides

--

the template DNA to be amplified, PCR reactions require two single20
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Figure 3. The polymerase ch$ reaction.
Panel A. The three steps of PCR: denaturation, annealing,
and extension (Hoelzel 1992).
Panel B. Geometric expansion of the number of products in
the first three steps of PCR (Eisenstein 1990).
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stranded oligonucleotides, or primers, complementary to the 5' ends of
the DNA of interest, excess amounts of deoxyribonucleotides, and
thermostable Taq DNA polymerase, isolated from a thermophillic
bacterium, Thermus aquaticus. The first step, performed at the
temperature needed to break hydrogen bonds between the strands, results
in heat denaturation of double-stranded template DNA. In the second
step, two primers anneal to the 5' ends of the target template. The actual
synthesis of a complementary second strand of DNA occurs in the third
step, where extending from the primer, Taq polymerase elongates the
new strand using the old one as a template. When the third step is
completed, the temperature is increased again and the procedure is
repeated 30-40 times. Because the newly produced strands can serve as
templates in consequent cycles, geometric expansion is observed (Mullis
and Faloona 1987)(Fig. 3B).
peR is highly specific and sensitive (Arnheim and Erlich 1992).

In order to achieve specificity, primers have to be carefully created so

that only the region of interest is flanked. This is usually accomplished
by creating primers of sufficient length so that the sequence is virtually
unique in the genome. In addition, the annealing temperature has to be
set to its highest possible value in order to minimize product production
based on mismatched primer-template binding. The sensitivity of PCR is
based on two factors: the number of target molecules present in the
sample and the complexity of nontarget sequences. When only a few
target molecules are present in complex DNA, a larger number of cycles
has to be used.

-.
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Data Analysis
When DNA fmgerprints are used to measure the extent of genetic
variability, most mathematical analysis approaches are based on the
following four assumptions: nucleotides are randomly distributed in the
genome, variation arises by base substitution, substitution rates are the
same for all nucleotides, and all relevant bands or fragments can be
detected (including similar bands not scored as identical (Hoelzel 1992).
DNA fmgerprints are mostly used to measure genetic variability
and to construct phylogenetic trees. Total genetic variability in a species
can be apportioned between within and between populations. These
values can be assessed using Shannon's information measure,
H=-EpJog:zPi (King and Schaal 1989). In the above equation, Pi is the
frequency of a band on a fmgerprint when present. In general, two
values of H are usually calculated;

~,

the average diversity within

populations, and HIP' the diversity within species. The extent of diversity
within a population is
populations is

~HIIP'

(HIIP-~)/H..,.

and the extent of diversity among

The higher the value obtained, the higher

the level of variation and opposite.
Phylogenetic trees can be constructed using different approaches,
such as distance methods, parsimony methods, bootstrapping, and others,
most of which have been reviewed in Holstinger and Jansen (1993). For
example, the Dollo parsimony method is based on the assumption that
gain of restriction sites is relatively unlikely compared to loss, so that any
taxa sharing a particular site must have inherited it from a common
ancestor (Holstinger and Jansen 1993).

-
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MATERIALS AND METHODS
The purpose of this project was to assess within and between
population genetic variability of one orchid species, Aplectrwn hyemale.
Samples representing different populations were collected, DNA was
isolated and fmgerprints obtained. DNA fmgerprints were created using
peR. Two different strategies were used to generate fmgerprint data,
RAPD and primers to amplify the ITS region which was digested with
three restriction enzymes. The PCR products were run on agarose gels
to generate DNA fmgerprints unique to each individual. The fmgerprints
were photographed, the sizes of the bands comprising the fmgerprints
were compared and the negatives stored for future reference and usage.
Fingerprints were scored for presence or absence of each band. Genetic
variability within and between populations was calculated using
Shannon's information measure. Phylogenetic trees were constructed
using the NTSYS-pc software (Rohlf 1993).

Tissue Sample Collection and Preservation
A total of 20 leaf tissue samples were collected from three
different forests, covering a distance of approximately 400 kIn (Table 2).
-..
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The samples collected represent three forest communities, each of which
has been defmed as a population for the purposes of this study.
Table 2. Populations of A. hyemale used in the survey, including
relative distances between the samples.
Sample Location

Sample

Ginn Woods
(East Central
Indiana)

Gl
G2
G3
G4
G5
G6

Vann Woods
(located 30 km south
of Ginn Woods)

VI
V2
V3
V4
V5
V6
V7

Relative Distances Within
The Location

va

V9
V10

Mammoth Cave
(located 400 km
south of Vann Woods
in Kentucky)

K1
K2
K3
K4

50
50
50
100
50

em from G1
m from G1 and G2
em from G3
m from G3 and G4
em from G5

1
"30
20
35
<1
150
10
25
200

m from VI
em from V2
em from V3
em from V4
em from V5
m from V1-V6
em from V7
em from va
m from V7-V9

10 em from K1
2 m from K1 and K2
10 em from K3

In the field, only a small amount of leaf tissue was collected, usually not

exceeding 5 cm2 • The samples were placed in small plastic bags, labeled,
and stored on ice until brought to the laboratory, where they were stored
at -80 C until further processed.
DNA Isolation and Storage
Total cellular DNA was isolated using a modification of the
cetyltriammonium bromide (CT AB) method developed by Doyle and
Doyle (1990). Between 0.1 and 0.5 g of frozen leaf tissue was ground in

--
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liquid nitrogen· with the addition of a few grains of sterile sand. The
tissue was incubated in preheated 2 % CTAB buffer [2 % (w/v) CTAB,
1.4 M NaCI, 0.2 % (v/v) B-mercaptoethanol, 20 mM EDTA, 100 mM
Tris-HCI (PH 8-.0)] at 65°C for 30 min in a large Eppendorf tube. After
incubation, 400 ILl of chloroform:isoamyl alcohol (24: 1) solution was
added. The samples were vortexed vigorously and centrifuged at 5,000 x

g for 10 min. The aqueous (upper) phase was removed and the organic
phase was reextracted using the CTAB buffer without detergent. The
tubes were vortexed vigorously and centrifuged for 10 min. The aqueous
phase was transferred into a fresh Eppendorf tube, and 500 ILl of cold
isopropanol added. The tubes were incubated at -20 C for one hour and
centrifuged for 10 min. The supernatant was removed, and the pellets
dried with cotton swabs. The pellets were air-dried additionally for five
to ten minutes and then resuspended in 50 ILl of 1 x TE buffer [10 mM
Tris (PH 8.0), 1 mM EDT A] and stored at -80 C.

Random Amplified Polymorphic DNA
The PCR conditions were optimized by varying concentrations of
MgCI2 , dNTPs, primers, lag polymerase, and DNA. The cycling
conditions of the Power BlockT'M (ERICOMP) thermal cycler, including
temperature, length of time of different steps and the number of cycles
were varied until the right conditions were found. The optimized PeR
reactions were performed in a total volume of 50 ILl in small Eppendorf
tubes, containing the reaction buffer [500 mM KCI, 100 mM Tris-HCI,
1 % Triton-X-100 (PH 9.0)], 250 ILM MgCI2 , 200 ILM dNTPs (each), 500
nM primer, 1.5 units of lag polymerase, and 0.5 ILl of isolated DNA
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(about 20 ng). The thermal cycler was set to perform 40 cycles at 94°C
for 1 min, 37°C for 2 min, and 72°C for 3 min. The final extension at
72 °C was performed for 20 min. In this experiment, five different
RAPD primers -(Operon Technologies, Inc.) were used (Figure 4).

The Internal Transcribed Spacer Region
In the same manner as in RAPD analysis, PCR conditions were
optimized to amplify the internal transcribed spacer (ITS) region located
on the chromosome between the two genes encoding for the small and the
large ribosomal subunits. The optimized conditions were similar to those
described for RAPD primers, but the MgCl z concentration was increased
to 300 poM. The thermal cycler was programmed to perform five cycles
at 94°C for 1 min, 40°C for 2 min, and 72°C for 3 min and an
additional 35 cycles at 94°C for 1 min, 55°C for 2 min, and 72°C for 3

min. The fmal extension was performed for 20 min at 72°C. The ITS
primer sequences were obtained from Szabo (1991) and synthesized at the
Krannert Institute of Cardiology in Indianapolis (provided by Kristi
Sanborn). The primers ITS4 (5'TCCTCCGCTTATTGATATGC3') and

ITS5 (5'GGAAGTAAAAGTCGTAACAAGG3') were created using yeast
DNA sequence data (Szabo 1990). Single digests of PCR products were
performed using three different restriction enzymes: HaeIII, RsaI, and

AZul. A total of 17.5 pol of PCR products were digested.

Gel Electrophoresis
The PCR products were visualized in a 1.5 % agarose gel in 1 x

-.

TBE buffer [89mM Tris base, 89mM boric acid, 2mM EDTA (PH 7.6)].
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The gels were run at 50 V for approximately 2.5 hrs, or until the
bromophenol blue front migrated about eight cm. Early gels were run in
1 x E buffer [36 mM Tris-Base, 30 mM NaH2PO., 1 mM EDTA (PH
7.5)], but the resolution was not satisfactory. The gels were stained in
ethidium bromide for five to ten min and photographed on a UV
transilluminator. Two size markers, Lambda DNA cut with HindIII and
PhiX 174 DNA cut with HaeIII (Sigma), were combined in one well in
the gel.

Southern Blot Analysis
Digested ITS products were transferred to a nylon membrane
(Sigma) following a procedure described by Sambrook, Fritsch, and
Maniatis (1989). In order to label the probe, PCR was performed using
the ITS4 and ITS5 primers, and a nucleotide mixture containing DIGdUTP purchased with a DIG DNA Labeling and Detection Kit
(Boehringer Mannheim Biochemica). An undigested ITS band was run in
a 1.5 % low melting agarose gel (Sigma), cut out using a sterile razor
blade, and used as a probe in Southern blot hybridization performed
according to the instructions contained in the kit. The only deviation
from the procedure is that hybridization stringency was reduced in that
the membranes were washed with 1 x SSC, 0.1 % SDS (w/v) instead of
0.1 x SSC, 0.1 % SDS. The membranes were placed between two sheets
of acetate and covered with Lumi-Phos™- 530 (Boehringer Mannheim).
An X-ray film (Kodak) was exposed for 1 hr before developing.
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Data Analysis
The gels were scored for presence and absence of DNA bands in
the fingerprints to construct Table 4 (p.35). The data in the table were
used to estimate genetic variability within and between populations and
similarity indices. Genetic variability was assessed using Shannon's
information measure. Phylogenetic trees were created using the NTSYSpc software, designed by F. J. Rohlf (1993). An estimate of similarity
was calculated using the SIMQUAL program of the package and the J
coefficient. The coefficient matrix was subjected to UPGMA analysis to
yield a phenogram showing the degree of relatedness between individuals.
The phenogram was analyzed using the cophenetic value matrix (COPH)
and matrix correlation (MXCOMP) options of NTSYS-pc.

-
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RESULTS AND DISCUSSION
DNA Quality and Quantity
The modification of the Doyle and Doyle (1990) procedure yielded
approximately 2 mg of DNA from less than 3 cm2 (0.1 - 0.5 g) of leaf
tissue. The DNA was of sufficient quality and quantity (Figure 4A) to
permit approximately 100 PCR reactions using 10-mer primers in the
RAPD DNA fmgerprinting technique. The gels were loaded with 10
of the sample, which showed approximately 400

~g

~l

of DNA per lane.

The most important modifications of the Doyle and Doyle (1990)
DNA isolation procedure included a scaling down from 5.0-7.5 to 1.5 ml
Eppendorf tube to facilitate the use of very small samples of tissue and
extraction of the DNA from the chloroform phase. Although
approximately the same amount of DNA was isolated from the aqueous
phase, the former was associated with more RNA and did not perform as
well in subsequent PCR reactions (data not shown). It is also possible
that the DNA from the organic phase had been stripped of other
molecules, such as polysaccharides, which might interfere with PCR.
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Figure 4. DNA and rmgerprints on an agarose gel.
Panel A. DNA isolated from four different tissue samples.
The DNA from the aqueous phases is in the oddnumbered lanes and the DNA from the organic phases
in the even-numbered lanes.
Panel B. The ITS region amplified from seven samples
representing all three populations.
Panel C. DNA fmgerprints obtained on all the samples using
the OPAIO primer.
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RAPD Markers Obtained
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Following optimization of the PCR conditions, five primers were
used, which yielded an average of 10 bands each, ranging in size from
approximately 0.2 to 2.2 kbp as shown in Table 3. The five primers,
which were each 60% GC, detected between 6 and 18 genotypes each,
averaging 11.4. Of the 50 bands detected, 36 (72 %) were cladistically
informative (Table 4). In two cases, a sample did not yield bands with a
given primer, thus cladistic analyses were performed only on the 18 leaf
samples yielding bands with each of the five primers.

Table 3. Summary table oC the primers used and products obtained.
Primer

Sequence
5' to 3'

OPA
OPA
OPA
OPA
OPA

TGCCGAGCTG
GTGATCGCAG
CAATCGCCGT
TTCCGAACCC
GACCGCTTGT

2
10
11
15
17

%GC

Bands
Obtained

60
60
60
60
60

12
7
11
11
9

60

10

(%)
Polymorphic
Bands
6
6
11
10
6

(50)
( 86)
( 100)
(91)
(67)

Size
Range
(kbp)

Genotypes
Obtained

0.2-1.8
0.2-1.5
0.2-2.0
0.2-2.2
0.2-2.0

6
8
18
12
13

0.2-1.9

11.4

---------------------------------------------------------------Mean

7.8 (79)

An example of the polymorphism detected by agarose gel

electrophoresis of PCR products is shown in Figure 4C, which illustrates
the amplification of members of the three populations using one primer,
OPA 10. The banding patterns indicate that a high degree of molecular
variability can be detected both within and between the A. hyema/e
populations. The presence or absence of bands were scored for each of
the 50 bands resulting from the 20 samples examined with five primers
each.

-
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Table 4. Summary table of the presence and absence of the bands
obtained in PCR with five primers.
Primer
Sample
G1
G2
G3
G4
G5
G6
VI
V2
V3
V4
V5
V6
V7

va

V9
V10
K1
K2
K3
K4

OPA 2
101111111100
111111111101
111111111101
001111111110
111111111101
001111111100
001111111100
001111111110
111111111101
001111111110
001111111111
111111111101
001111111110
001111111100
101111111100
000111111000
001111111111
001111111100
001111111100
001111111100

OPA 10

OPA 11

OPA 15

1010011
1111011
1010111
1110011
1010111
1110011
1111011
1110010
1110010
1110111
1110011
1111111
1110011
1111011
1010011
1000010
1010111
1110011
1110011
1111011

00111111001
10111111111
11101111100
10111111010
00000010000
11111111111
10111111000
11100101000
11101010000
00101000000
11101011100
11111011100
11111111110
00111111100
11101111100
11111111111
00101011100
00101110100
00100111000
01101111100

01111111100
01111110000
00011100000
01111111111
01111111110
11111111111
01111111111
11111111111
01111111110
01011110100
01111111111
11111111110
01111111110
11111111110
01111111101

----------01111111111
11111111100
01111110100
11111110100

OPA 17
111011011
011011011
111011101
011011001

--------111111011
111110011
111101001
111101001
111101001
111101101
111111101
111111101
111111101
111011001
111111111
111111111
111101101
111011011
111101111

Amplification of the ITS Region
The ITS region was amplified from seven individuals randomly
chosen from all three populations. The region amplified was about 1 kbp
in size (Figure 4B). However, some smaller products were obtained as
well. Restriction digestion of the ITS region provided us with unclear
results. In order to amplify the signal, the gels were transferred onto a
nylon membrane and probed with labeled ITS region in the Southern blot
analysis, but the results were not any clearer (results not shown). From
what was seen, it seems like there variation present in this region as well.
This part of the research was not continued because of lack of time, but it
would certainly make an interesting project in the future.
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RAPD Marker Data Analysis
Shannon's index of phenotypic diversity was used to partition
diversity into within- and between-population portions (Table 5). Withinpopulation variability averaged 86%, while only 14% of the total genetic
variability was found between populations.

Table 5. Shannon's index of phenotypic diversity.
H,..
H.

H,o,

Primer
OPA
OPA
OPA
OPA
OPA

2
10
11
15
17

H.

2.222
1. 630
3.892
2.272
2.003

1.918
1.503
2.961
2.177
1. 643

0.863
0.923
0.761
0.958
0.820

2.404

2.040

0.865

H.-H,."
H.
0.137
0.077
0.239
0.042
0.180

----------------------------------------------0.135
Mean

An estimate of similarity was calculated using the SIMQUAL

program of NTSYS-pc and the J coefficient. The resulting coefficient
matrix is shown in Figure 5 and illustrates that high levels of molecular
variability were found within the three major sites and neighboring plants
were not significantly more closely related than more distant plants. The
coefficient matrix was subjected to UPGMA analysis to yield the
phenogram shown in Figure 6. The phenogram was analyzed using the
cophenetic value matrix (COPH) and matrix correlation (MXCOMP)
options of NTSYS-pc. However, relatively low r-value obtained for
goodness of fit of the phenogram to the original data matrix reflected the
high level of variability within samples which precludes division into
distinct populations.
RAPD analyses revealed that genetic variation exists in A. hyema/e

-

over a wide geographic range, within a local population, and even within
36

Figure 5. The coefficient matrix created using NTSYS-pc
showing the pairwise degree of relatedness between
individuals.
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w

00

)

G1
G2
G3
G4
G6
VI
V2
V3
V4
V5
V6
V7
V8
V9
Kl
K2
K3
K4

GI
1.00
0.76
0.64
0.76
0.77
0.78
0.63
0.67
0.64
0.64
0.68
0.73
0.76
0.77
0.72
0.73
0.83
0.71

G2

G3

G4

G6

VI

V2

V3

V4

V5

V6

V7

V8

V9

1.00
0.70
0.73
0.74
0.71
0.54
0.64
0.55
0.63
0.73
0.70
0.70
0.66
0.63
0.62
0.71
0.69

1.00
0.58
0.60
0.57
0.53
0.64
0.58
0.66
0.73
0.67
0.62
0.70
0.66
0.62
0.63
0.65

1.00
0.82
0.83
0.76
0.67
0.65
0.77
0.69
0.86
0.77
0.73
0.73
0.69
0.74
0.64

1.00
0.84
0.77
0.70
0.60
0.78
0.78
0.87
0.82
0.75
0.74
0.75
0.72
0.78

1.00
0.74
0.70
0.63
0.75
0.74
0.80
0.83
0.71
0.75
0.71
0.77
0.74

1.00
0.75
0.68
0.80
0.68
0.77
0.72
0.68
0.68
0.73
0.69
0.71

1.00
0.68
0.80
0.80
0.73
0.68
0.68
0.68
0.73
0.65
0.67

1.00
0.70
0.62
0.67
0.66
0.58
0.70
0.75
0.71
0.69

1.00
0.80
0.86
0.77
0.74
0.86
0.78
0.67
0.77

1.00
0.81
0.84
0.70
0.77
0.73
0.63
0.76

1.00
0.86
0.74
0.78
0.79
0.71
0.77

1.00
0.70
0.77
0.87
0.75
0.85

1.00
0.70
0.70
0.71
0.69

K1

K2

K3

K4

1.00
0.74 1.00
0.71 0.76 1.00
0.73 0.87 0.79 1.00

Figure 6. The phylogenetic tree created based on the tree
matrix shown in Figure 5.
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adjacent plants. Surprisingly, most of the genetic variation was found to
exist within a population. This was unexpected because A. hyemaZe is
not believed to reproduce sexually (Adams 1970). However, a later
study suggested that A. hyemaZe could be pollinated by halictid bees
(Hogan 1982) although the number of bees visiting the flowers was very
low.
In reviewing the allozyme diversity in plant species, Hammrick and
Godt (1990) generalized that long-lived, outcrossing, wind-pollinated
species of the latter stages of succession have higher levels of allozyme
variation within populations and less among populations than species with
other combinations of traits. A. hyemaZe is found primarily in mature
forests in the latter stages of succession but its reproductive mode would
not be expected to yield high levels of genetic diversity. However, a few
studies have found that predominantly clonal species may maintain as
much genetic diversity within populations as asexually reproducing
species (Ellstrand and Roose 1987; Hammrick: and Godt 1990).
Although the most northern Indiana population exhibited the highest
within population variability, the phenogram obtained from analysis of the
data provided no evidence of similarity between any of the populations.
The phenogram showed that the Vann Wood and Ginn Wood population
could be neighboring as well as the Vann Wood and Kentucky
populations. However, Kentucky and Ginn Woods populations did not
show to be neighboring. These observations support the idea that there is
more variability over distance, which we expected to see. In addition, no
evidence of clonal reproduction was observed for any population since no

.-

two plants showed identical or nearly identical fmgerprints. In fact,
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neighboring plants frequently showed as much diversity as the most
distant plants.
Few studies have examined the extent to which terrestrial orchid
populations partition genetic variability between and within orchids and to
date none have been reported using RAPD analyses. However, Case
(1994) used isozyme analyses of 14 loci to examine genetic variation
within and between five species and six populations of Cypripediwn
(terrestriaIOrchidaceae). Her isozyme data support the findings of this
study using RAPD analyses. She found that the majority of the species
exhibited relatively high levels of interpopulation gene flow despite their
existence in small, widely spaced populations. One species, C.

calceolus, exhibited 75 % within population genetic variability. Only
those species which exhibited low species-level variability showed low
genetic variation among populations. Similarly using allozyme analyses,
Scacchi, De Angelis, and Lanzara (1990) found only 7% of the genetic
variation distributed among populations of Epipactis helleborine. Thus,
although their life history characteristics might suggest that terrestrial
orchids would sustain low within population variability, this does not
appear to be the case for orchids with broad geographical distributions
such as these or such as A. hyemale. As a result of her studies of the
less ecologically diverse Cypripediwn species, Case (1994) suggested that
geographically or ecologically restricted orchid species might be highly
succeptible to perturbations which would cause losses of species-level
genetic variation.
Thus, studies such as that performed by Case (1994) and the

-

present study have been able to use molecular data to study the genetic

42

architecture of terrestrial plant species. This information can be useful
for conservation of plants since additional studies of terrestrial orchid
populations may help to identify endangered populations and species.
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CONCLUSION
Orchidaceae is one of the largest, most diverse and beautiful plant
families. Because of these and other characteristics, orchid biology is
fascinating to study. The purpose of this project was to assess the genetic
variation within and between three populations of A. hyema/e using
RAPD fingerprinting. The research revealed that approximately 85 % of
the species genetic variability is found within a population. Although the
mode of reproduction for the species is not known, our data suggested
that plants within a population are not clones or self-pollinating.
This research project was a pilot study to develop a protocol for
DNA fmgerprinting of terrestrial orchids. We have successfully
developed the protocol which can be applied to a wide variety of other
terrestrial and epiphytic orchids as well. Optimization of the DNA
isolation procedure was a very important step in the protocol since DNA
had to be of good quality in order to be used in PCR over a longer period
of time. The peR conditions had to be optimized as well in order to
determine the right concentrations of different components, and the
temperature, length and number of cycles used.

-

Various procedures for DNA fmgerprinting have been developed.
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The best results would probably be obtained by using them in
combinations. If two different techniques support the same conclusions,
we may be sure that our results are very informative. Although in this
study we tried t-o compare RAPD-PCR with restriction digestion analysis
of the ITS region, useful comparisons could not have been made because
of the time constraint. However, in the future, it would be interesting to
examine other regions of A. hyemale DNA and compare the levels of
genetic variability obtained.

It is important to look at the extent of genetic variability of native
terrestrial orchids since many are rare, threatened, or endangered.
Because orchids belong to one of the largest and most beautiful orchid
families, their conservation should be of concern. DNA fingerprinting
can aid us in localization of endangered populations because it allows us
to identify the populations with a low level of genetic variability.

-
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