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ABSTRACT. Morphological and habitat similarities among the five species of the terrestrial orchid genus Calopogon have
led to nomenclatural and taxonomic confusion. The taxa are marked by subtle character differences and little apparent
reproductive isolation. Here we investigate allozyme diversity at the species level and the partitioning of genetic variation
within and among species and their populations. Genetic identities are used to define species boundaries and suggest
phylogenetic relationships. All five species of Calopogon maintain high levels of allozyme variation within their populations
(P = 50.0%—94.4%, AP = 2.67-3.32, H, = 0.11-0.43). Calopogon oklahomensis, an autotetraploid that appears to have under-
gone gene silencing at 13 of its 19 polymorphic loci, consistently had the highest genetic diversity values. Calopogon multiflorus,
which has the most restricted range and rarest occurrence, had the lowest mean genetic diversity values. In C. oklahomensis,
C. pallidus and C. tuberosus most of the genetic variation exists within rather than among populations (Gs; = 0.037-0.085).
The UPGMA phenogram generated using genetic identity data has three phenetic groups and supports designation of the
taxa as separate species. The data suggest that C. oklahomensis most closely resembles the basal extant taxon within Calopogon.

The genus Calopogon R. Brown (Orchidaceae) in-
cludes five showy, terrestrial species of short-lived,
herbaceous perennials known as Grass Pinks (Dressler
1981; 1993). Calopogon spp. display considerable mor-
phological similarity, often grow in similar habitats,
have overlapping ranges, and overlapping periods of
anthesis. Morphological similarities between taxa (eg.
plant height, leaf length and width, number and color
of flowers, petal length, width and shape, length and
broadness of the lip, hair characters) are so great that
taxonomic keys are unclear and characters distinguish-
ing the taxa are often subtle, leading to nomenclatural
and taxonomic confusion.

Where the Calopogon taxa occur sympatrically there
appears to be little reproductive isolation. All Calopo-
gon species share a similar pollination system with
cross-pollination by bees believed to be the primary
breeding mechanism (Dressler 1981; Firmage and Cole
1988; Thien and Marcks 1972). There is evidence of
self-compatibility (Thien 1973) although an insect is re-
quired for pollen transfer. Calopogon is also capable of
vegetative reproduction via root sprouting (Thien and
Marcks 1972). Their typically deep pink flowers pro-
duce no nectar (with the possible exception of C. okla-
homensis Goldman) and offer no pollen reward. Con-
sequently, flowers must attract pollinators through
mimicry of other sympatric species that offer a pollen
reward and by a form of deception categorized as
pseudopollen (Dafni 1984) which refers to the resem-
blance of the showy yellow and orange lip hairs to a
mass of pollen. When a pollinator is attracted to this
display and lands on the labellum, if the insect is
heavy enough, the labellum swings down and the pos-
terior of the insect comes into contact with the sticky
pollinia located on the end of the column (Thien and
Marcks 1972; Firmage and Cole 1988). Pollinators are

therefore varied and non-specific. Like most orchid
taxa the tiny, dust-like seeds are wind dispersed
(Dressler 1981).

Pace (1909) reported that haploid daughter cells of
C. tuberosus (L.) B.S.P. had 13 chromosomes, while sep-
arate counts of diploid sporophytic tissue revealed ap-
proximately 26 chromosomes. These findings were
based on only a few counts each from haploid and
diploid states. In 1972, Thien and Marcks found that
C. tuberosus from northern Wisconsin had 2n = 40
while a later report by Thien (1973) indicated that C.
tuberosus, C. pallidus Chapman, C. barbatus (Walter)
Ames, and C. multiflorus Lindley root tip cells possess
2n = 42 chromosomes. Calopogon oklahomensis is a re-
cently described species (Goldman 1995) for which a
chromosome number has not been reported.

Isolating mechanisms among the five congeners are
habitat, seasonal separation, and to some extent, flower
size, which necessitates pollinators of different size
and weight (Thien 1973). The most common and wide-
spread species, C. tuberosus, ranges from Canada to
Cuba and the Bahamas and across the eastern United
States. This species is comprised of two varieties, Cal-
opogon tuberosus var. tuberosus and C. tuberosus var.
simpsonii (Small) Magrath. Calopogon tuberosus var.
simpsonii is found on calcareous soils in swamps and
prairies in southern Florida, Bahamas and Cuba. This
variety tends to have longer inflorescences that repre-
sent a larger proportion of the total plant height. Cal-
opogon pallidus and C. barbatus are restricted to the
coastal plain of the southeastern United States ranging
from North Carolina to Mississippi. Calopogon multiflo-
rus, which grows in open, moist pine flatwoods and
meadows, has a more restricted range, being confined
to Florida and its immediate borders. Calopogon okla-
homensis occurs in mesic, acidic, sandy-loam prairies in
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Arkansas, southeastern Kansas, Missouri, and eastern
Oklahoma (Goldman 1995).

Reliance on morphological characters for delinea-
tion of Calopogon species has led to taxonomic confu-
sion. Examination of the underlying genetic diversity
of the species and the degree of genetic divergence
among taxa is a useful way to elucidate the taxonomic
delineation. Knowledge of the genetic variation housed
within a species is also valuable since it can provide
insights into the species” long-term survival potential.
This information is essential for intelligent decision-
making regarding conservation recommendations and
policies. Genetic diversity increases the likelihood that
a species can survive disease, environmental fluctua-
tions, and natural catastrophes that invariably occur
over time. The objective of this study was to determine
the extent of genetic diversity within each Calopogon
species and to describe the partitioning of genetic var-
iation within and among species and their populations.
Levels of genetic identity between these taxa are quan-
tified and used to assess species boundaries and sug-
gest phylogenetic relationships.

MATERIALS AND METHODS

Calopogon belongs to subfamily Epidendroideae Lindley, tribe
Arethuseae Lindley, and subtribe Bletiinae Bentham. The two out-
group species included in this study, Bletia purpurea (Lamarck) A.
de Candolle and Arethusa bulbosa L., were selected for their mod-
erate taxonomic distance from Calopogon (Goldman et al. 2001).
Bletia purpurea belongs to the same subtribe as Calopogon (Dressler
1981; 1993) and both outgroup genera belong to the same tribe as
Calopogon. Both outgroup species also have overlapping geograph-
ic ranges with some of the Calopogon species. Mature leaf or stem
tissue was randomly collected from 15 populations representing
the five Calopogon species and the two outgroup species. Voucher
specimens from populations from which plant material was col-
lected are listed in Appendix 1. Forty-eight individuals from each
population were collected wherever possible (Appendix 1). Leaves
were wrapped in moist paper towels, placed in a sealed plastic
bag, and kept chilled to prevent protein denaturation. Care was
taken to avoid further trauma to the tissue from either freezing or
creasing.

Within 24-72 hrs of collection, the tissue was clipped into small
pieces, placed in a chilled mortar, and crushed with a pestle and
a pinch of sea sand to disrupt cellular compartmentalization. Stem
material was crushed in liquid nitrogen with sea sand. Enzymes
were extracted from the tissue with a polyvinylpyrrolidone-phos-
phate extraction buffer (Mitton et al. 1979). The resulting slurry
containing crude protein extract was absorbed onto 4 x 6 mm
wicks punched from Whatman 3 mm chromatography paper.
Wicks were stored in microtest plates at —70°C until used for elec-
trophoresis.

Wicks were placed in horizontal gels composed of 10% potato
starch and electrophoresis was performed. Twelve enzyme stains
in four buffer systems resolved 21 putative allozyme loci. Enzymes
stained and loci identified (in parentheses) for each of the four
buffer systems were: 1) system 6; alcohol dehydrogenase (ADH1,
ADH2) and fluorescent esterase (FE4), 2) system 7; aspartate ami-
notransferase (AAT2, AAT3, AAT4), diaphorase (DIA1, DIA2),
menadione reductase (MNR2), 3) system 8-; fluorescent esterase
(FE1, FE2), menadione reductase (MNR1), and triosephosphate
isomerase (TPI1, TPI2) and 4) system 11; adenylate kinase (AK1),
isocitrate dehydrogenase (IDH), malate dehydrogenase (MDHI,
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MDH?2), 6-phosphogluconate dehydrogenase (6-PGD), phosphog-
lucoisomerase (PGI1), phosphoglucomutase (PGM2). All stain rec-
ipes were adapted from Soltis et al. (1983) except for diaphorase
which was taken from Cheliak and Pitel (1984). Buffer system 8-
is a modification of buffer system 8 as described by Soltis et al.
(1983). Two standard wicks from individuals of C. tuberosus and
C. pallidus were placed on each gel. Banding patterns were consis-
tent with those expected for each enzyme system (Weeden and
Wendel 1989).

Levels of allozyme diversity were estimated within species and
for individual populations using a computer program designed by
M.D. Loveless and A.F. Schnabel. Measures of genetic diversity
were percent polymorphic loci, P (a species was treated as poly-
morphic at a locus if two alleles were detected); mean number of
alleles per locus, A; mean number of alleles per polymorphic lo-
cus, AP; effective number of alleles per locus, A, = 1/3p? and
genetic diversity, H, [= 1— Zp? (Nei 1973), where p; is the fre-
quency of the ith allele], which is the proportion of loci hetero-
zygous per individual under Hardy-Weinberg expectations.

Observed heterozygosity (H,) was compared with Hardy-Wein-
berg expected heterozygosity for each polymorphic locus in each
population by calculating Wright's fixation indices (F; Wright 1922)
and testing for significant deviations using X> = F*N(a — 1); df =
a(a — 1)/2 where N is the total number of individuals analyzed
and a is the number of alleles at the locus (Li and Horvitz 1953).

Variation among populations was estimated using Nei’s (1973)
measures of genetic diversity. Total genetic diversity (Hy), mean
genetic diversity within populations (H,), and mean genetic di-
versity among populations (D;) such that H; = Hg + Dy, were
determined for each polymorphic locus. The proportion of genetic
variation that occurs among populations (Gg;) was calculated for
each polymorphic locus by Gs; = Ds;/Hy (Nei 1973) and averaged
across loci. Heterogeneity in allele frequencies among populations
was tested by X? = 2NGg; (a — 1); df = (a — 1)(k — 1), where N
is the total number of individuals analyzed, a is the number of
alleles at the locus, and k is the number of populations (Workman
and Niswander 1970).

Nei’s (1972) genetic identities and distances were calculated for
each pair-wise combination of populations and species. A UPGMA
phenogram of genetic identities was generated using NTSYS-PC
(Rohlf 2000). A Mantel test of correspondence between genetic
distances and geographic distances was performed (Smouse et al.
1986).

RESULTS

Population Level Variation. All species of Calopo-
gon displayed high levels of genetic diversity (Table 1).
Of the five species, C. multiflorus had the least genetic
variability (P = 50.0%, AP = 2.67, H, = 0.11) while C.
oklahomensis had the highest genetic diversity values (P
= 94.4%, AP = 3.32, H, = 0.43). Outgroup species had
lower levels of genetic variability with values of P =
30.8%, AP = 2.00, and H, = 0.02 for B. purpurea and
P = 41.2%, AP = 2.14, and H, = 0.13 for A. bulbosa..
The only two species for which the observed mean het-
erozygosity was higher than Hardy-Weinberg expec-
tations were C. barbatus and A. bulbosa. Calopogon okla-
homensis appears to be an autotetraploid displaying
banding patterns consistent with tetrasomic inheri-
tance at six of its 19 polymorphic loci (IDH1, MDH1,
MDH2, PGM2, 6-PGD, and TPI1). These six loci had
an unusually high proportion of heterozygotes, and
both balanced and unbalanced heterozygotes (corre-
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TABLE 1. Summary of allozyme variation at 21 loci for the five Calopogon species. Variation is described by proportion of all loci that
are polymorphic (P; if a second allele is observed at a locus it is considered polymorphic), mean number of alleles per polymorphic
locus (AP), mean number of alleles per locus (A), mean effective number of alleles per locus (A,), mean observed heterozygosity (H,),
and mean expected heterozygosity (H,). Standard deviations are shown in parentheses. Gene frequency data are available from DWT

upon request.

Population P (%) AP A A, H, (sd) H, (sd)

Calopogon tuberosus

Ct-FL1 714 2.93 2.38 1.44 0.153 (0.012) 0.194 (0.051)

Ct-FL2 82.4 2.79 247 1.39 0.180 (0.014) 0.187 (0.051)

Ct-SC 88.9 3.13 2.89 1.54 0.209 (0.014) 0.250 (0.056)

Ct-TN 66.7 2.50 2.00 1.38 0.176 (0.013) 0.190 (0.051)

Ctsimp-FL 31.6 2.17 1.37 1.12 0.078 (0.009) 0.075 (0.032)
Population level mean 68.2 2.70 222 1.37 0.159 (0.006) 0.179 (0.022)
Species level 90.5 3.42 3.19 1.46 — 0.215
Calopogon pallidus

Cp-FL1 68.4 3.46 2.68 1.63 0.215 (0.014) 0.252 (0.060)

Cp-FL2 70.0 2.79 2.25 1.48 0.168 (0.012) 0.204 (0.053)

Cp-FL3 61.9 3.23 2.38 1.50 0.206 (0.013) 0.217 (0.056)

Cp-SC 55.6 3.20 222 1.63 0.251 (0.024) 0.258 (0.067)
Population level mean 64.0 3.17 2.38 1.56 0.210 (0.008) 0.233 (0.030)
Species level 81.0 3.59 3.10 1.59 — 0.252
Calopogon oklahomensis

Co-AR 95.0 3.37 3.25 2.08 0.396 (0.054) 0.442 (0.050)

Co-OK 93.8 3.27 3.13 1.99 0.348 (0.053) 0.415 (0.056)
Population level mean 94.4 3.32 3.19 2.04 0.372 (0.038) 0.429 (0.038)
Species level 95.0 3.68 3.55 2.04 — 0.414
Calopogon barbatus 66.7 3.07 2.38 1.64 0.237 (0.014) 0.227 (0.058)
Calopogon multiflorus 50.0 2.67 1.83 1.25 0.076 (0.012) 0.107 (0.056)
Bletia purpurea 30.8 2.00 1.31 1.02 0.017 (0.006) 0.020 (0.009)
Arethusa bulbosa 41.2 2.14 1.47 1.24 0.144 (0.021) 0.130 (0.050)

sponding to equal and unequal dosages of different
alleles) were evident suggesting autotetraploidy. At
two of these loci as many as four alleles were detected
within individuals while up to three alleles per indi-
vidual were observed at another two loci. Diploid gene
expression was observed at the remaining 13 poly-
morphic loci.

In the five Calopogon species, fixation indices (F)
were significantly different from Hardy-Weinberg ex-
pected values in 25% (43 of 170 tests) of the chi-square
tests. Based on chance alone, one would expect 5% (9
of 170) to be significantly different from the expected
Hardy-Weinberg value. The percentage of significant

TABLE 2. Nei’s (1973) mean genetic diversity statistics for C.
tuberosus, C. pallidus and C. oklahomensis: mean total genetic diver-
sity (H;), mean genetic diversity within populations (H;), the pro-
portion of genetic variation that occurs among populations (Ger)
and mean fixation index (F,) which indicates the degree to which
populations differ from Hardy-Weinberg equilibrium. Values are
based on 19 polymorphic loci. G data for individual loci are
available from DWT upon request.

Species H; Hs Ger Fs
C. tuberosus 0.237 0.197 0.085 0.090
C. pallidus 0.311 0.283 0.078 0.117
C. oklahomensis 0.436 0.415 0.037 —0.064

deviations ranged from 21% (C. barbatus) to 33% (C.
multiflorus). Mean F values across all polymorphic loci
were —0.024 in C. barbatus, —0.064 in C. oklahomensis,
0.090 in C. tuberosus, 0.117 in C. pallidus, and 0.180 in
C. multiflorus suggesting that there is a slight excess of
homozygotes in most populations. In B. purpurea 25%
(one of four) of the F values were significantly different
from zero, while none differed significantly in A. bul-
bosa.

Species Level Variation. Estimates of genetic diver-
sity within species were only calculated for the three
species (C. tuberosus, C. pallidus, and C. oklahomensis)
with more than one population available. All three spe-
cies displayed high levels of genetic diversity (Table 2).
In C. oklahomensis 95% of the loci were polymorphic,
each averaging 3.68 alleles (AP) and genetic diversity
(H,) calculated over all loci was 0.414. In C. tuberosus
and C. pallidus the percentages of polymorphic loci
were also high (91% and 81% respectively). In C. tub-
erosus, AP = 3.42 and H, = 0.215. In C. pallidus, AP =
3.59 and H, = 0.252.

Summed across all 21 monomorphic and polymor-
phic loci, C. tuberosus and C. pallidus each had 67 alleles
while C. barbatus had 51 alleles. In the other four spe-
cies fewer loci were resolved. Seventy-two alleles were
detected in C. oklahomensis (20 loci), 33 alleles in C.
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multiflorus (18 loci), 25 alleles in A. bulbosa (17 loci),
and 17 alleles in B. purpurea (13 loci). The number of
alleles unique to each species was 14 in C. oklahomensis
(two populations), five in C. tuberosus (five popula-
tions), four in C. pallidus (four populations), three in C.
barbatus (one population), and one in C. multiflorus (one
population). At the TPI1 locus 11 alleles were detected
in the five Calopogon species. Due to limitations of the
software used, the three rarest alleles were pooled to
make one synthetic allele. All nine were scored for C.
pallidus, while eight occurred in C. tuberosus and C.
barbatus, seven in C. oklahomensis and six in C. multiflo-
rus.

Mean total genetic diversity at the polymorphic loci
of C. tuberosus was relatively low (H; = 0.237 or 0.253
if C. tuberosus var. simpsonii was excluded; Table 2), in-
dicating that allele frequencies at many loci were
skewed. Most of this variation occurs within popula-
tions (Hg = 0.197 or 0.233 if C. tuberosus var. simpsonii
was excluded). Consequently the proportion of genetic
variation among populations was low (Gg; = 0.085 or
0.045 if C. tuberosus var. simpsonii was excluded). How-
ever, tests for heterogeneity in allele frequencies among
populations of C. tuberosus indicate that 84% (16 of 19
polymorphic loci) are significant (P > 0.05).

Calopogon pallidus had a higher mean total genetic
diversity at the polymorphic loci (H; = 0.311), most of
which was attributable to within-population variation.
The proportion of genetic variation among populations
(Gg; = 0.078) was somewhat lower than in C. fuberosus.
Tests for allele frequency differences among popula-
tions revealed that 77% (13 of 17 polymorphic loci)
were significant (P > 0.05).

Calopogon oklahomensis had the highest mean total
genetic diversity at its polymorphic loci (H; = 0.436;
Table 2). Most of this variation was found within pop-
ulations (Gg; = 0.037). Chi-square tests for allele fre-
quency differences among populations show that 47%
(9 of the 19 polymorphic loci) are significant (P > 0.05).
Based on chance alone, only one significantly different
locus was expected.

Genetic Relationships Among Taxa. Mean genetic
identities among the five Calopogon species were cal-
culated from pairwise comparisons between popula-
tions and ranged from 0.634 to 0.888 (Table 3), with
an overall mean value of 0.764. Calopogon pallidus and
C. multiflorus had the highest genetic identity (0.888),
followed closely by C. barbatus and C. multiflorus
(0.876), and C. barbatus and C. pallidus (0.875). Calopo-
gon oklahomensis had the lowest mean genetic identities
with its congeners (0.634-0.696).

Mean genetic identity between B. purpurea and the
five Calopogon species was 0.684, ranging from 0.509
(with C. oklahomensis) to 0.819 (with C. multiflorus; Ta-
ble 3). Mean genetic identity between A. bulbosa and
the Calopogon species was 0.557, ranging from 0.481
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TABLE 3. Mean genetic identities for pairwise comparisons of
species. Mean intraspecific identities are given on the diagonal. Cb
= C. barbatus, Cm = C. multiflorus, Co = C. oklahomensis, Cp = C.
pallidus, Ct = C. tuberosus, Bp = Bletia purpurea, Ab = Arethusa
bulbosa.

Cm Co Cp Ct Bp Ab
Cb 0876  0.684 0875 0783  0.716  0.585
Cm — 0.696  0.888 0768  0.819  0.481
Co 0.900  0.662  0.634 0509  0.584
Cp 0.945 0775 0728  0.528
Ct 0932 0.649  0.605
Bp — 0385

(with C. multiflorus) to 0.605 (with C. tuberosus). The
lowest genetic identity value (0.385) was found be-
tween A. bulbosa and B. purpurea.

Mean genetic identity among populations of C. tub-
erosus was 0.932, ranging from 0.853 (Ctsimp-FL and
Ct-TN) to 0.969 (Ct-FL1 and Ct-FL2). When C. tubero-
sus var. simpsonii (Ctsimp-FL) was removed from the
calculation, average genetic identity rose to 0.950 and
ranged from 0.904 (between Ct-FL1 and Ct-TN) to
0.969. The Mantel test showed that there was no sig-
nificant correlation between decreased genetic identity
with increasing geographic distance (r = —0.66; P =
0.955). Calopogon tuberosus var. simpsonii had a mean
genetic identity of 0.904 with populations of C. tuber-
osus var. tuberosus, ranging from 0.853 (Ctsimp-FL and
Ct-TN) to 0.953 (Ctsimp-FL and Ct-FL2). The genetic
distance of C. tuberosus var. simpsonii from C. tuberosus
var. tuberosus populations therefore warrants its exclu-
sion from some calculations that follow. Genetic iden-
tities among the C. pallidus populations ranged from
0.898 (Cp-FL2 and Cp-SC) to 0.980 (Cp-FL1 and Cp-
SC) with a mean of 0.945 (Table 3). Genetic identity
decreased with increasing geographic distance but was
not significant (r = —0.22; P = 0.683). Sampling of only
one population of C. barbatus and C. multiflorus pre-
cluded calculation of intraspecific identity values for
these two species.

The UPGMA phenogram generated using the ge-
netic identity data groups the C. tuberosus and C. pal-
lidus populations into two distinct clusters (Fig. 1). The
phenogram indicates that C. pallidus is more closely
related to C. multiflorus than to C. barbatus and that
these three species differed less from one another than
they did from C. tuberosus. The data also suggest that
A. bulbosa is the more distantly related of the two out-
groups. A rather perplexing result is that C. oklahomen-
sis is shown as the basal taxon to its four congeners as
well as B. purpurea.

DiscussioN

Variation Within Populations. All five species of
Calopogon maintain high levels of allozyme variation
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FiG. 1. UPGMA phenogram displaying levels of genetic
identity between populations. The coefficient of similarity is in-
dicated at the bottom of the phenogram. Cb = C. barbatus; Cm
= C. multiflorus; Co = C. oklahomensis; Cp = C. pallidus; Ct =
C. tuberosus; Ctsimp = C. tuberosus var. simpsonii; Ab = Arethusa
bulbosa; Bp = Bletia purpurea. Population codes are indicated
next to the species codes and are listed in Appendix 1.

within their populations. It has generally been ob-
served that more widespread species have more ge-
netic diversity within their populations than among
them. This is only partially true for the five Calopogon
species. Although C. oklahomensis and C. multiflorus
have the most restricted geographic distributions, C.
oklahomensis has the highest genetic diversity measures
of the five species, perhaps because it is an autotetra-
ploid. Calopogon tuberosus, the most widespread of the
five, has the second highest mean percentage of poly-
morphic loci (77% without C. tuberosus var. simpsonii).
However, the mean AP value in C. tuberosus is less than
that of the other three more geographically restricted
species. Even so, C. tuberosus has mean population
measures of genetic variation that exceed the mean val-
ues reported by Hamrick and Godt (1989) for species
with regional distributions (P = 36.4, A = 1.55, A, =
1.16, and H, = 0.118). Calopogon multiflorus has the low-
est mean values for all measures of genetic variation.
However, compared with mean values of other plant
species that share a suite of eight taxonomic and life
history traits, C. multiflorus has higher within-popula-
tion values for three of the four genetic parameters
used (Hamrick and Godt 1989). Only its genetic di-
versity (H, = 0.107) was lower than the mean found
for species with similar traits. Such a discrepancy be-
tween these genetic diversity parameters is probably
due to the large number of low frequency alleles in the
single C. multiflorus population examined. The lower
genetic diversity of C. multiflorus may be explained by
the possibility that it is a recently derived species from
C. barbatus with a limited portion of its progenitor’s
genome. This is supported by the finding that C. mul-
tiflorus has only one unique allele while its congeners
have three (C. barbatus), four (C. pallidus), five (C. tub-
erosus), and 14 (C. oklahomensis) unique alleles. In ad-
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dition, C. multiflorus may have declined in abundance
within the last few decades as a result of increased
development, habitat degradation, and fire suppres-
sion. Reductions in the size and number of popula-
tions, as well as the increased isolation of the remain-
ing populations, may have resulted in the loss of ge-
netic diversity within individual populations. This spe-
cies is also the most fire dependent, which has
rendered it the most susceptible to decline by the re-
cent history of fire suppression in the Southeast.

Species Level Variation. Variation at this level can
only be compared for C. tuberosus, C. pallidus, and C.
oklahomensis, species for which multiple populations
were examined. For all three species the proportion of
polymorphic loci is much greater than mean values for
plants sharing the same eight life history characteris-
tics (Hamrick and Godt 1989). On average, plant spe-
cies are polymorphic at only 50% of their allozyme loci
(Hamrick and Godt 1989; Hamrick et al. 1991) but the
highest mean value (P = 59.2%) was reported for
monocot species (Hamrick and Godt 1989). Sixteen or-
chid species surveyed by Hamrick and Godt (1996)
had a mean P = 45%. However, C. oklahomensis, C. tub-
erosus and C. pallidus have P values of 95.0%, 90.5%
and 81.0%, respectively. These species had a mean
number of alleles per locus of 3.55, 3.19 and 3.10, re-
spectively, compared with a mean value of 2.53 for
temperate-tropical plants. Calopogon tuberosus had a ge-
netic diversity value (H,) of 0.22 compared to 0.15 in
geographically regional species while C. oklahomensis
and C. pallidus had genetic diversity values of 0.41 and
0.25, respectively, compared with a mean of 0.14 found
for species with narrow ranges (Hamrick and Godt
1989). Mean genetic diversity for all plant species stud-
ied is 0.15 (Hamrick and Godt 1989; Hamrick et al.
1991) and for the 16 species of orchids is 0.14 (Hamrick
and Godt 1996).

Mean total genetic diversity at polymorphic loci for
C. tuberosus (H; = 0.237 or 0.253 when C. tuberosus var.
simpsonii is excluded) was lower than all mean values
found for species that share a suite of eight taxonomic
and life history traits (Hamrick and Godt 1989; Table
2). For C. pallidus, however, H; (0.311) exceeded the
mean of all species with comparable taxonomic and
life history characteristics except monocots (0.320) and
species with sexual reproduction (0.311; Table 2). The
higher mean H; value for C. pallidus is due to the pres-
ence of more alleles per polymorphic locus and alleles
that occur at more even frequencies than those of C.
tuberosus. In C. oklahomensis, H; (0.436) exceeded the
mean of all species examined by Hamrick and Godt
(1989; Table 2). The higher levels of genetic diversity
observed in C. oklahomensis (H; = 0.436) compared to
C. tuberosus (H; = 0.237) or C. pallidus (H; = 0.311) are
probably a reflection of the autotetraploidy exhibited



2004]

at six of the 19 polymorphic loci examined (H; for the
six autotetraploid loci = 0.512).

The best explanation for diploid expression in 13 of
the 19 polymorphic loci and autotetraploid expression
in the remaining six loci is the duplication of genes
through autopolyploidy followed by the fixation of null
alleles at one of the duplicated loci (i.e. gene silencing;
Li 1980). Ultimately this can lead to the complete loss
of duplicate gene expression at the silenced loci (Li
1980). Eventually a polyploid can become genetically
diploidized such that gene expression will be identical
to that of the diploid ancestor (Ohno 1970; Grant 1981;
Leipoldt and Schmidtke 1982; Haufler 1987; Soltis and
Soltis 1993). For example, in tetraploid fish (Salmo spp.
and Cyprinus carpio), in every enzyme system exam-
ined, gene loss was observed in at least one species,
confirming that normal function is maintained by sin-
gle locus expression. Some species have lost 70% or
more of their duplicate genes through gene silencing
(Li 1980). It is interesting that in natural populations
of tetraploid fish, gene silencing occurs to a greater
extent in isozyme loci with high levels of polymor-
phism (Allendorf 1978). Ferns and fern allies, which
generally have exceptionally high chromosome num-
bers but diploid gene expression, are also believed to
represent ancient polyploids that have undergone ge-
netic diploidization (Haufler 1987; Haufler 1989; Soltis
and Soltis 1989; Soltis et al 1992).

Variation Among Populations. The Gg; values
found for C. oklahomensis (0.037), C. tuberosus (0.085 or
0.045 without C. tuberosus var. simpsonii) and C. pallidus
(0.078) are lower than that found in plants with com-
parable taxonomic and life history traits (Hamrick and
Godt 1989). However, G, values for these three Calo-
pogon species are only slightly lower than that found
for 16 species of terrestrial orchids (mean Gg; = 0.087)
surveyed by Hamrick and Godt (1996). Animal polli-
nation and seed dispersal by wind may both contrib-
ute significantly to the low levels of among population
variation seen in Calopogon. Seed dispersal probably
plays a major role since the dust-like orchid seeds may
potentially spread long distances. The dispersal of dip-
loid seeds has twice the effective gene flow rate of a
haploid pollen grain. The Gg; values found for Calo-
pogon species are consistent with moderate to high
rates of gene flow and suggest that genetic drift within
populations has not played a major role in the genetic
structuring of these species.

Variation Among Taxa. The UPGMA phenogram
clusters intraspecific populations together. This clus-
tering of species is consistent with reproductive iso-
lation among the species. Since C. tuberosus, for ex-
ample, requires pollinators of sufficient size and
weight to effect pollination (Thien and Marcks 1972;
Firmage and Cole 1988) it is reproductively isolated
from its congeners by its floral morphology. Three
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phenetic groups comprise the phenogram: 1) C. palli-
dus, C. multiflorus and C. barbatus; 2) C. tuberosus; 3) C.
oklahomensis. Calopogon oklahomensis is placed basally to
its congeners suggesting that it may be similar to an
ancestral species. The degree of gene silencing ob-
served in this species would also suggest that it is a
rather old polyploid. The most logical explanation for
these results is that C. pallidus, C. multiflorus, C. barbatus
and C. tuberosus may have arisen from the diploid pro-
genitor of C. oklahomensis.

Gottlieb (1981) found that congeneric species have
mean genetic identities of 0.67 = 0.04, while Crawford
(1983) reported values of 0.75. Populations of the five
Calopogon species have a mean genetic identity of 0.764
between taxa. Mean genetic identities among the three
genera examined were closer to Gottlieb’s average for
congeneric species with values of 0.684 (between B.
purpurea and the five Calopogon species) and 0.557 (be-
tween A. bulbosa and the five Calopogon species). The
data suggest that A. bulbosa is the more distant out-
group. However, Goldman et al. (2001) provide con-
vincing evidence that, of these two outgroups, Arethusa
is closer to Calopogon phylogenetically. A perplexing
finding is the exceptionally high genetic identity be-
tween C. multiflorus and B. purpurea (0.819). Of the 13
loci shared by these species, seven were monomorphic
for the same allele. Of the remaining six loci, two were
monomorphic in one species for the common allele at
polymorphic loci of the other species. According to
Gottlieb (1981) the genetic identity statistic is not sen-
sitive to differences among populations resulting from
low frequency alleles. Although the C. multiflorus pop-
ulation possessed seven alleles that were not detected
in B. purpurea while the latter had four alleles absent
in C. multiflorus, most were low frequency alleles. In
systematic studies, electrophoretic data are best ap-
plied to comparisons of conspecific populations and
congeneric species (Crawford 1983; Giannasi and
Crawford 1986). Furthermore, to treat electromorphs
that have identical migration patterns but are from
widely divergent taxa as if they represented the same
degree of genetic similarity as identical electromorphs
from conspecific populations could distort interpreta-
tions (Crawford 1983).

Conspecific populations tend to be similar geneti-
cally and have much higher genetic identities in Calo-
pogon (0.956 £ 0.011) than the primarily outcrossing
congeneric species surveyed by Gottlieb (1981). Such
findings indicate that one or a few populations may
constitute an adequate sample for ascertaining the ge-
netic diversity of the species (Gottlieb 1977; 1981;
Hamrick and Godt 1989), at least for alleles that occur
in moderate to high frequencies (= 0.20; Gottlieb 1981).

Lower genetic identities between C. oklahomensis and
C. tuberosus and their congeners suggest that C. bar-
batus, C. multiflorus, and C. pallidus are more closely



314

related to one another than to C. tuberosus or C. okla-
homensis. This suggests that these three species di-
verged from one another more recently than they did
from C. tuberosus. Gottlieb (1977) found that when spe-
cies pairs possessed very high genetic identities such
as seen in Calopogon, they were usually closely related
progenitor and derivative species of recent origin with
little genetic divergence (Gottlieb 1981; Giannasi and
Crawford 1986).

The genetic divergence of C. tuberosus var. simpsonii
probably results from its ecological separation from C.
tuberosus var. tuberosus. Calopogon tuberosus var. simp-
sonii only occurs in approximately neutral marl soil in
the Everglades of southern Florida (Correll 1950), com-
pared with the acidic soils in which the parental va-
riety typically grows. The lower genetic identity sug-
gests that this taxon has been reproductively isolated
for a substantial period of time.

In summary, these data verify high genetic similar-
ity within Calopogon, which corresponds well with the
high degree of morphological resemblance between
the species. It is possible that introgression has con-
tributed to the observed genetic and morphological
similarities among the taxa. However, there is suffi-
cient genetic distance to warrant recognition as distinct
taxa. The five species of Calopogon all have high mea-
sures of genetic diversity. In the species where multi-
ple populations were sampled, low Gg; values were
found indicating that most of the species’ genetic var-
iation is housed within rather than among populations.
These results further suggest that there are moderate
to high rates of gene flow and that genetic drift within
these populations has not been significant in the ge-
netic structuring of these species. Although C. tubero-
sus has the broadest geographic distribution, it is not
the most genetically diverse taxon. Inclusion of the
Tennessee population lowers the mean genetic diver-
sity values for this species. This population had four
fewer polymorphic loci and fewer alleles per polymor-
phic locus. These four loci are monomorphic for the
allele that is most common in the other populations.
These characteristics suggest that this population may
have been founded by relatively few individuals. Last-
ly, C. oklahomensis is the most genetically distinct spe-
cies. The genetic distance of this apparently ancient
polyploid may be the result of its occupation of a sep-
arate glacial refugium west of the Mississippi river.
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APPENDIX 1

List of populations sampled for allozyme analysis, with the
number of individuals collected and the voucher specimen for
each population. The herbarium in which each specimen is de-
posited is indicated by the acronym in parentheses.

Calopogon barbatus Cb-NC (48 individuals) = R.J. LeBlond 3797,
Carteret Co., NC (GA). Calopogon multiflorus Cm-FL (34 in-
dividuals) = D.W. Trapnell 371, Osceola Co., FL (GA). Calo-
pogon oklahomensis Co-AR (48 individuals) = D.H. Goldman
553, Prairie Co., AR (TEX); Co-OK (48 individuals) = D.H.
Goldman 514, Muskogee Co., OK (TEX). Calopogon pallidus
Cp-FL1 (48 individuals) = D.W. Trapnell 158, Liberty Co., FL
(GA); Cp-FL2 (48 individuals) = D.W. Trapnell 374A, High-
lands Co., FL (GA); Cp-FL3 (48 individuals) = D.W. Trapnell
375A, Liberty Co., FL (GA); Cp-SC (19 individuals) = D.W.
Trapnell 378, Williamsburg Co., SC (GA). Calopogon tuber-
osus var. tuberosus Ct-FL1 (48 individuals) = D.W. Trapnell
157, Levy Co., FL (GA); Ct-FL2 (48 individuals) = D.W. Trap-
nell 376A, Franklin Co., FL (GA); Ct-SC (48 individuals) =
D.W. Trapnell 377, Richland Co., SC (GA); Ct-TN (48 individ-
uals) = D.D. Horn 687, Coffee Co., TN (GA). Calopogon tub-
erosus var. simpsonii Ctsimp-FL (48 individuals) = R.G. Rei-
mus 711, Dade Co., FL (GA).

Bletia purpurea Bp-FL (41 individuals) = D.W. Trapnell 373A, Col-
lier Co., FL (GA).

Arethusa bulbosa Ab-NJ (19 individuals) = B. Yannetti s.n. Sep-
tember 1994, Burlington Co., NJ (GA).



