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We estimate phylogenetic relationships and the biogeographic and pollination history of Costus subgenus Costus (Costaceae) using
sequence data from the internal and external transcribed spacer (ITS and ETS) regions of 18S–26S nuclear ribosomal DNA. The
African members of the subgenus form a series of lineages basal to a monophyletic neotropical species radiation. The neotropical
species have large, showy flowers visited by either euglossine bees or hummingbirds. The hummingbird pollination syndrome is
supported as a derived character state from the bee pollination syndrome, and we estimate that it has evolved independently seven or
more times in the neotropics. A molecular clock approach suggests that diversification of the neotropical clade has been recent and
rapid and that it coincides with dramatic climatic and geologic changes, Andean orogeny, and the closing of the Panama isthmus that
occurred in the Pliocene and Pleistocene epochs. We propose a scenario for the diversification of Costus, in which rapid floral adaptation
in geographic isolation and range shifts in response to environmental changes contribute to reproductive isolation among close relatives.
We suggest that these processes may be common in other recently diversified plant lineages centered in Central America or the
Northern Andean phytogeographic region.
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Neotropical forests harbor the highest plant diversity of any
tropical region (Raven, 1976; Gentry, 1982), yet the evolu-
tionary history of most resident plant lineages is poorly un-
derstood. Dynamic climatic and geological changes, especially
in recent epochs, have been proposed as a causative agent of
allopatric speciation (Haffer, 1969; Bush, 1994; Graham, 1997;
Haffer and Prance, 2001). Some have suggested that speciation
may occur at a faster rate in the tropics (Fischer, 1960; Gentry,
1989; Schemske, 2002) and that strong biotic interactions may
contribute to higher rates of diversification (Dobzhansky,
1950; Corner, 1954; Ashton, 1969; Schemske, 2002). In par-
ticular, plant–pollinator interactions have been suggested to be
more specialized in tropical regions (Johnson and Steiner,
2000; but see Ollerton and Cranmer, 2002), and specialized
pollination systems may drive adaptive divergence in floral
morphology and contribute to reproductive isolation between
close relatives (Stebbins, 1970, 1974; Grant, 1981). In con-
trast, others have stressed the relative antiquity of neotropical
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plant lineages (Dick et al., 2003) and the long-term stability
of high neotropical plant diversity (Colinvaux and De Oliveira,
2001; Wilf et al., 2003) and have criticized hypotheses for
rapid and recent diversification, such as Pleistocene refugia
(Haberle and Maslin, 1999; Colinvaux et al., 2001). Never-
theless, there has been little empirical evidence regarding the
biogeographic pattern and timing of diversification of neotrop-
ical plant lineages, and few studies have examined the evo-
lutionary history of changes in pollination systems that may
contribute mechanistically to speciation.

The debate over the diversification of the neotropical flora
may be partly resolved by recognizing that different lineages
have different histories and responses to environmental change
(Bush, 1994; Morley, 2000). The flora is thought to consist
primarily of lineages of Gondwanan origin that dominate the
vast lowland forests, along with some of Laurasian origin that
are relegated mainly to high montane temperate-like habitats
(Raven and Axelrod, 1974). Within the groups categorized as
Gondwanan, Gentry (1982) recognized two main categories
by their phytogeographic region of highest diversity and en-
demism: woody canopy trees and lianas with a center of di-
versity in the Amazon and epiphytes, understory shrubs, and
understory monocots with a center of diversity at the base and
along the lower slopes of the Northern Andes or in Southern
Central America. The plants in this second category constitute
over half of the neotropical species diversity and include or-
chids, bromeliads, gingers, gesneriads, acanths, Inga, and Psy-
chotria, among others.

Gentry suggests that contrary to the gradual diversification
of Amazon-centered trees, these lineages have undergone ‘‘ex-
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plosive speciation and adaptive radiation’’ (Gentry, 1982, p.
587) in response to dramatic changes in geology and climate.
The entire neotropics experienced climatic oscillations during
the Pleistocene, but volcanism in southern Central America,
the closing of the isthmus of Panama approximately 3.5 mil-
lion years ago (Ma), and the uplift of the Northern Andes from
about 5 Ma (Gentry, 1982, Graham, 1997) would have af-
fected these lineages, in particular. Gentry also notes that spe-
cialized pollination, particularly by hummingbirds, is a prom-
inent feature of these groups and that shifts in specific polli-
nators appear to be a common mode of speciation. The center
of hummingbird diversity is in the northern Andes (Bleiweiss,
1998), and this wide array of potential pollinators may have
further promoted speciation in plant lineages already experi-
encing dramatic spatial and temporal environmental hetero-
geneity.

These ideas for the diversification of northern Andean-cen-
tered herb, shrub, small tree, and epiphyte lineages require
evidence from phylogenetic studies. Support for rapid and re-
cent speciation has been found for the Andean-centered small
tree genus Inga (Richardson et al., 2001). Several other neo-
tropical lineages have been examined for specialized pollina-
tion systems, some in a phylogenetic context, including such
diverse groups as Aphelandra (McDade, 1984, 1992), Heli-
conia (Stiles, 1975), tribe Sinningieae (Gesneriaceae; Perret et
al., 2001, 2003), Erythrina (Bruneau, 1997), Dalechampia
(Armbruster, 1993, 1994), and Costus (Kay and Schemske,
2003). Studies are needed, however, that combine phylogenetic
analysis of the biogeographic history and timing of diversifi-
cation along with an examination of the evolution of ecolog-
ical features, such as pollination systems, that may contribute
mechanistically to speciation. Understanding the diversifica-
tion of these lineages will contribute fundamentally to resolv-
ing the mystery of the extraordinary species richness of the
neotropical flora.

Costus subgenus Costus provides an opportunity to examine
the diversification of species and pollination systems of a
northern Andes/Central America-centered plant group. The
family Costaceae, commonly known as the spiral gingers, has
its origin in Africa (Specht et al., 2001) and contains four
genera, of which Costus is by far the most species rich. Costus
subgenus Costus, with approximately 51 species in the neo-
tropics and several species in Africa, comprises most of the
diversity in the genus (Maas, 1972, 1977; Maas and Maas,
1990; Garcia-Mendoza, 1991; Maas and Maas-van de Kamer,
1997). Its primary center of diversity is in Costa Rica, Panama,
western Colombia, and Ecuador, although it ranges from Mex-
ico to Brazil. Although there are a few widespread species,
many are locally restricted, with several known only from their
type locality. All species are herbaceous, and they occur in a
variety of habitats, including streamsides, treefall gaps, and
limestone outcrops. Species are found from low to mid ele-
vation, but are most common in wet, low-elevation sites.

The neotropical Costus species are remarkable for their flo-
ral biology. The characteristic spiraling stems support terminal
inflorescences that generally produce a single large showy
flower each day of an extended flowering season. Each species
can be classified as having either a bee- or hummingbird-pol-
lination syndrome based on distinct suites of floral characters.
In his monograph for Flora Neotropica, Maas (1977) divided
the subgenus into sections Costus and Ornithophilus according
to pollination syndromes. Flowers of bee-pollinated Costus
have a broad, pale labellar tube with a distinct white or yellow

limb, the lateral lobes of which are often striped with red or
purple, and the floral bracts are green. Hummingbird-pollinat-
ed species have flowers with a narrow, tubular labellum with-
out an attached limb, and the labellum and floral bracts are
yellow, orange, or red. Flowers in both pollination categories
are odorless and diurnal, and they produce relatively large
quantities of nectar. In a study of 11 species, Kay and Schem-
ske (2003) found that these syndromes accurately predicted
the type of pollinators, with species in sections Costus and
Ornithophilus visited almost exclusively by orchid bees (Eug-
lossini: Apidae) and hummingbirds, respectively.

Here we use rDNA internal and external transcribed spacer
(ITS and ETS) sequence data to examine the hypothesis of
explosive recent speciation and pollination specialization with-
in Costus subgenus Costus using a phylogenetic approach. We
estimate species-level relationships using Bayesian inference
and parsimony, and we reconstruct ancestral states for polli-
nation syndromes and biogeographic distributions. We attempt
to determine the biogeographic origin of subgenus Costus,
whether it has undergone rapid and recent diversification in
the neotropics, and whether the diversification is associated
with repeated evolutionary shifts in the pollination system. Be-
cause there are no fossils known from the Costaceae, estimates
of divergence times and diversification rates are made with a
molecular clock approach from published rates of ITS evolu-
tion and from a biogeographic calibration.

MATERIALS AND METHODS

Taxon sampling—We sampled leaf tissue from 41 species of Costus, 38
of which are classified in subgenus Costus. When possible, we attempted to
include individuals from different subspecies, varieties, or geographically dis-
persed populations within each species. Overall, we sampled 63 individuals.
Leaf tissue was collected on silica gel in the field or fresh from the collection
in the Michigan State University greenhouse. Additional silica-dried samples
were contributed by botanical gardens and a private collection. Taxonomic
determinations were made by K.M.K., D.W.S., or the contributing garden or
collection. Voucher and collection information is summarized in the Appen-
dix. Costus laterifolius, C. letestui, and C. talbotii were selected as outgroups
based on a previous phylogenetic analysis of the Costaceae (Specht et al.,
2001).

The taxonomy of the paleotropical Costus is poorly understood (reviewed
in Kay, 2004). Much conflict exists in the subgeneric assignment of species
(Schumann, 1904; Koechlin, 1964; Maas, 1979; Specht et al., 2001), and
many named species are effectively indistinguishable and have been put into
synonymy (Koechlin, 1964; Hutchinson and Dalziel, 1968; Maas, 1979; Lock,
1985). Therefore, we sampled the three most geographically widespread and
frequently collected African species that likely belong to subgenus Costus
sensu Specht et al. (2001) as representative of paleotropical molecular diver-
sity within the subgenus.

Molecular methods—Total genomic DNA was extracted from fresh or sil-
ica-dried tissue using a modified cetyltrimethylammonium bromide (CTAB)
method (Doyle and Doyle, 1987) or the FastDNA Kit (Bio 101, Carlsbad,
California, USA). The ITS region (ITS1, 5.8S, and ITS2) was amplified using
the ITS4 and ITS5 primers (Baldwin, 1992). To design a Costus-specific prim-
er for ETS, the entire ETS region was amplified from a subset of taxa by a
long polymerase chain reaction (PCR) using the primers 18S-IGS and 26S-
IGS (Baldwin and Markos, 1998). The 39 region of the ETS was sequenced
and a 59 primer (59- CTTTGTTGTGCTCGGCGGAGTTC-39) was designed.
The 39 end of the ETS was amplified from all taxa using this primer and 18S-
IGS. Long PCR conditions were as follows: 948C for 75 s, 30 cycles of 948C
for 15 s, and 688C for 8 min, with a final extension of 728C for 10 min. All
other PCR reactions consisted of 2.5 mL Promega (Madison, Wisconsin, USA)
103 reaction buffer, 2.5 mL 25 mmol/L MgCl, 1.25 mL 40 mmol/L dNTPs,
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0.25 mL of each primer (25 mmol/L), 1.25 mL dimethylsulfoxide, 0.25 mL
Promega Taq polymerase, approximately 50 ng DNA, and water to 25 mL.
The PCR was performed in a PT-100 thermocycler (MJ Research, Waltham,
Massachusetts, USA) as follows: 30 cycles of 948C for 1 min, 508C for 1
min, and 728C for 45 s (adding 3 s per cycle), followed by a final extension
of 728C for 7 min. Most PCR was preceded by a manual hot start of 948C
for 5 min before the Taq polymerase was added to the reaction. The PCR
products were purified using Qiagen (Valencia, California, USA) Qiaquick
spin-columns.

Both strands were sequenced using ABI automatic sequencers (Applied
Biosystems, Foster City, California, USA). Sequencher version 3.0 (Gene
Codes Corp., Ann Arbor, Michigan, USA) was used to edit the sequences.
Costus dubius, C. malortieanus, and C. pulverulentus from Barro Colorado
Island in Panama appeared to have multiple alleles of ITS, whereas C. pul-
verulentus from the Osa Peninsula in Costa Rica and C. pictus showed mul-
tiple alleles for both ITS and ETS. These PCR products were cloned using a
TOPO TA cloning kit (Invitrogen, Carlsbad, California, USA). Six to 10 pos-
itive clones were selected from each PCR product for sequencing. Sequences
were deposited in GenBank (AY972877–AY973004).

Analyses—The ITS and ETS sequences were aligned manually using the
program Se-Al version 1.0a1 (A. Rambaut, University of Oxford, Oxford,
UK). Unambiguous gaps were scored as missing data and then recoded as
binary characters in a separate matrix following the procedure of Simmons
and Ochoterena (2000).

A preliminary parsimony analysis including all sequenced clones and PCR
products was conducted using PAUP* version 4.0b10 (Swofford, 2002) sep-
arately for ITS and ETS. A heuristic search strategy was used to construct a
strict consensus tree, with 1000 random sequence addition replicates and 10
best trees held per iteration. If all the clones from one individual were sup-
ported as monophyletic or as components of the same polytomy, a represen-
tative sequence showing the fewest autapomorphies was chosen for all further
analyses. For two cases, the ITS of African C. dubius and the ETS of C.
pulverulentus from the Osa Peninsula of Costa Rica, the sequenced clones
belonged to two distinct clades, and a representative clone with the fewest
autapomorphies was chosen from each. To construct a combined ITS/ETS
data set, each of the two divergent clones was paired with the same sequence
from the other locus, so that those accessions were represented twice in the
data set and resulting trees (Sota and Vogler, 2003). Congruence of phylo-
genetic signal between the ITS and ETS data sets was assessed using the
incongruence length difference (ILD) test (Farris et al., 1994) as implemented
in PAUP*, with 100 replicate data partitions and using heuristic searches with
10 random stepwise addition sequences each.

Bayesian phylogenetic analysis was performed using MrBayes version
3.0b4 (Huelsenbeck and Ronquist, 2001) with five data partitions: ETS, ITS1,
5.8S, ITS2, and gaps. The first four partitions employed the general time
reversible (GTR) model of DNA substitution with gamma-distributed rate
variation across sites. For the gap partition, rate variation was modeled using
a gamma distribution but with a correction for scoring only variable sites
(‘‘coding 5 variable’’). All default priors were used except that rates were
allowed to vary across partitions (‘‘ratepr 5 variable’’) and for the gap par-
tition, the dirichlet prior was fixed for equal character state frequencies [‘‘sym-
dirihyperpr 5 fixed(infinity)’’], as recommended in the MrBayes manual for
data in which states have different meanings across characters. All priors were
unlinked except branch lengths were allowed to vary proportionally across
partitions. Four replicates of the Markov chain Monte Carlo (MCMC) search
were run with four chains and 5 000 000 generations each, and trees were
sampled every 100 generations. A burn-in of 1 000 000 generations for each
replicate was determined by stabilization of the likelihood scores, and these
trees were removed from the analysis. A majority rule consensus tree of the
remaining trees from each replicate provided posterior probabilities for each
node.

We also conducted parsimony analysis for the combined data set. Running
PAUP* version 4.0b10 on a computer cluster (Reeves et al., 2005), we con-
ducted a single heuristic parsimony search using tree bisection-reconnection
(TBR) branch swapping with MULTREES 5 ON, followed by 360 200 further

replicate searches with the above settings, except that only 100 trees were
saved per replicate. A strict consensus of the resulting trees was computed.
Clade support was estimated using bootstrap values (Felsenstein, 1985), which
were calculated using 1000 bootstrap replicates of 10 random additions each
and 10 trees saved per replicate (DeBry and Olmstead, 2000).

To explore the evolutionary history of pollination syndromes, we attempted
to determine transformation rates between pollination syndromes as well as
estimate the total number of shifts that have occurred in the neotropics. Each
species was scored as either bee or hummingbird pollinated based on polli-
nator observations or pollination syndrome. To avoid overestimating the num-
ber of shifts in pollination syndrome, trees were first pruned so that each
species or variety was represented only once. Because different samples of
C. wilsonii and C. varzearum were found in disparate parts of the tree and
likely represent distinct lineages, both accessions of each were retained in the
pollination analyses. In neither case did this affect the estimates of the number
of shifts in syndrome. Local maximum likelihood estimators of transformation
rates were determined using Multistate (Pagel, 1994, 1999) on the Bayesian
majority rule consensus tree with branch lengths averaged over all trees from
the posterior distribution and branch length scaling set to its maximum like-
lihood value. Polytomies in the consensus tree were resolved randomly with
branch lengths of 0.001 for the maximum likelihood analysis. Asymmetries
in transformation rates were tested with a likelihood ratio test.

To estimate conservatively the minimum number of shifts between syn-
dromes while accounting for uncertainty in tree topology, ancestral states were
reconstructed using parsimony in MacClade version 4.06 (Maddison and Mad-
dison, 2001) across the sample of the posterior distribution of trees from the
Bayesian analysis. This is a sample of the trees found by the MCMC search
after stabilization of the likelihood scores (burn-in) and is thought to represent
the optimal neighborhood of tree space. For each of the 160 000 trees, we
recorded the number of unambiguous shifts between pollination syndromes,
which ignores any shifts occurring at unresolved nodes and is thus likely an
underestimate. These values were then used to calculate a mean number of
shifts and a 95% confidence interval. To determine further the support for
multiple transformations to hummingbird pollination, we also conducted a
parsimony search on the combined data set with all hummingbird-pollinated
taxa constrained to be monophyletic (1000 heuristic search replicates, 100
trees saved per replicate). The resulting strict consensus tree was compared
to the strict consensus tree from the unconstrained parsimony search with a
one-tailed Shimodaira–Hasegawa (SH) test (Shimodaira and Hasegawa, 1999)
with resampling estimated log-likelihood (RELL) optimization and 1000 boot-
strap replicates.

To reconstruct the biogeographic history of subgenus Costus, trees were
pruned so that each species or variety was represented only once. Species
were coded according to the following phytogeographic regions or combi-
nations thereof: Africa, Central America, northern Andes, southern Andes, the
greater Amazon basin, and the Caribbean islands. Ancestral states for phy-
togeographic region were reconstructed using parsimony in MacClade. We
were particularly interested in determining the continent of origin of the entire
subgenus and the specific biogeographic origin of the neotropical radiation.
Therefore, we examined the sensitivity of the reconstruction of these nodes
to both uncertainty in tree topology and the addition of unsampled species
that clearly belong in subgenus Costus. The inferred character states of the
basal nodes of the subgenus and of the neotropical radiation were examined
across the posterior distribution of trees from the Bayesian analysis. We also
coded 16 unsampled neotropical species for phytogeographic region and at-
tached them at random to neotropical branches of the Bayesian consensus tree
using the TreeFarm module of Mesquite (Maddison and Maddison, 2004).
With 1000 replications of this tree augmentation, we were able to examine
possible phylogenetic scenarios that would change our inference for the bio-
geographic origin of the neotropical species.

A test for evolutionary rate constancy across taxa for ITS1 and ITS2 was
conducted by using a tree-wide likelihood ratio test for differences between
clock-constrained and clock-unconstrained trees (Felsenstein, 1988). Likeli-
hood scores were obtained using a K80 1 G model of sequence evolution
(as chosen by MODELTEST for ITS 1 and ITS 2) for the majority rule con-
sensus tree identified through Bayesian analysis of the full data set. The like-
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lihood ratio test statistic (twice the difference in likelihood scores between
the clock-constrained and unconstrained trees) was compared to a chi-squared
distribution with s 2 2 degrees of freedom, where s equals the number of
sequences in the analysis (Huelsenbeck and Crandall, 1997). Clock-like evo-
lution of the ITS allows the possibility of roughly dating nodes and calculating
diversification rates. Because there are no fossils for the Costaceae, we used
two approaches to calibrate the molecular clock. First, a range of rates of ITS
evolution from other herbaceous plant lineages was taken from the literature.
Independently calibrated and published ITS substitution rates from across her-
baceous angiosperms range from 1.72 3 1029 substitutions per site per year
in Saxifraga estimated by Richardson (2001) from data in Vargas et al. (1999)
to 8.34 3 1029 substitutions per site per year in Soldanella (Zhang et al.,
2001). We used this range to estimate dates of the divergence of subgenus
Costus from the rest of the genus, its arrival in the neotropics, and its dispersal
between Central and South America. Second, the closing of the isthmus of
Panama at approximately 3.5 Ma was used as the earliest time of possible
dispersal between Central and South America. Per-lineage rates of diversifi-
cation were then calculated for the neotropical radiation as [lnN—lnN0]/T,
where N is the current species diversity, N0 is the starting diversity, and T is
the inferred clade age (Baldwin and Sanderson, 1998). To estimate conser-
vatively maximum ages and minimum diversification rates, all nodes dated in
our analysis were stem group nodes that gave rise to the most recent common
ancestor of the clade of interest, as opposed to crown groups.

RESULTS

The total aligned length of the ITS region was 708 base
pairs (bp) (ITS1 5 286 bp, 5.8S 5 164 bp, ITS2 5 258 bp),
and the aligned ETS region was 579 bp. Twenty-two gaps
were scored, nine from ITS and 13 from ETS. The overall
data set included 1309 characters, 223 of which were infor-
mative for parsimony. The ITS and ETS substitutions yielded
71 and 130 informative substitutions, respectively; all the gaps
scored were informative. Excluding the outgroups reduced the
number of parsimony-informative characters within subgenus
Costus to 128.

The ILD test showed that the ITS and ETS partitions of the
data were not significantly incongruent (P 5 0.66). Strict con-
sensus trees based on separate parsimony analysis of ITS and
ETS were examined for topological conflicts, and none was
found. All further analyses were conducted on the total data
set.

Bayesian MCMC analyses of the partitioned data set re-
sulted in stabilization of likelihood scores well before the gen-
erations discarded as burn-in, and consensus trees were con-
sistent across the four replicate analyses. Many nodes were
resolved with high posterior probability (Fig. 1). The neotrop-
ical species within subgenus Costus were supported as mono-
phyletic, while the African taxa formed a series of lineages
basal to this radiation. Multiple populations sampled for a giv-
en species were often not monophyletic and were typically part
of a multi-species polytomy.

A single heuristic parsimony search using TBR branch
swapping with MULTREES 5 ON produced 156609 equally
parsimonious trees of length 557. Sixty-three additional unique
trees of length 557 were recovered after performing 360 200
replicate searches. Trees had a consistency index (CI) of 0.835,
retention index (RI) of 0.891, and rescaled consistency index
of 0.744. A strict consensus of the 156 672 most parsimonious
(MP) trees was computed. There were no differences between
the consensus trees from the Bayesian and parsimony analyses
except for a few clades reconstructed in the former but not the
latter (Fig. 1).

Pollinator shifts—Hummingbird pollination has evolved
multiple times since subgenus Costus colonized the neotropics
(Fig. 2). The hummingbird-pollination syndrome is supported
as derived, relative to bee pollination, with no strong evidence
for reversals. Across the posterior distribution of trees from
the Bayesian analysis, parsimony analysis finds a mean of 6.5
unambiguous shifts from bee to hummingbird pollination (me-
dian 5 7; 95% CI 5 3–9; Fig. 3) and a mean of 0.1 unam-
biguous shifts from hummingbird to bee pollination (median
5 0; 95% CI 5 0–1; Fig. 3). Parsimony analysis conducted
with the constraint that all hummingbird-pollinated taxa are
monophyletic yields most parsimonious trees that are 36 steps
longer than the best trees from the unconstrained analysis. An
SH test of the strict consensus trees from the constrained and
unconstrained analyses shows that the data better fit the un-
constrained tree (P , 0.001), supporting multiple origins of
hummingbird pollination. Maximum likelihood estimates of
transformation rates using mean branch lengths are a 5 1.61
(bee to hummingbird pollination) and b , 0.00 (hummingbird
to bee), with an optimal branch length scaling parameter of
0.70. The asymmetrical model of unequal transformation rates
between syndromes is significantly better than a model in
which rates are constrained to be equal (x2 5 4.33, df 5 1, P
5 0.04).

Biogeography—Reconstructing the biogeographic history
of the subgenus suggests that Central America was colonized
from Africa, with subsequent dispersal to the Andes, the Am-
azon, and the Caribbean (Fig. 4). Across all trees from the
posterior distribution, the African taxa are resolved as basal to
the neotropical clade, and the base of the neotropical clade is
resolved as Central American. This second result is robust to
most topological arrangements of unsampled species on the
strict consensus tree. The unsampled species included only two
from the Amazonian phytogeographic region; the other 14
were either Central American or Andean. Out of 1000 tree
augmentation replicates, the origin is resolved unequivocally
as Central American 939 times. In 61 replicates, the origin is
equivocal, but always includes Central America as one of the
possible states, along with the northern Andes (31 times), the
southern Andes (22 times), and/or the Amazon (12 times).

Diversification rate—Rates of evolution of ITS 1 and 2
within Costus are consistent with a molecular clock (x2 5
52.78, df 5 63, P 5 0.82). Maximum likelihood branch
lengths show 0.0122 substitutions per site in ITS since the
basal divergence between Africa and the neotropics. This sug-
gests an approximate date for that node of 1.5–7.1 Ma using
the range of published ITS substitution rates for herbaceous
plants (Richardson et al., 2001; Zhang, et al., 2001) or 4.6 Ma
using the closing of the Panama isthmus as a calibration for
Costus. Assuming that all c. 51 neotropical species of subge-
nus Costus are monophyletic, including the 16 known but un-
sampled species, a diversification rate of 0.6–2.6 species per
million years is estimated from the date for the basal split from
the African subgenus Costus using the range of published ITS
rates or 0.9 species per million years using the closing of the
isthmus as a calibration. The earliest dispersal to South Amer-
ica is similarly estimated at 1.1–5.4 Ma using the range of
published rates.
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Fig. 1. Majority rule consensus of the Bayesian posterior distribution of tree topologies sampled across four replicate analyses of the combined Costus ITS
and ETS nrDNA data set. Nodes not also present in the parsimony strict consensus tree are represented with dashed lines. Numbers above and below the
branches indicate Bayesian posterior probability and parsimony bootstrap support for each node, respectively.

DISCUSSION

Phylogenetic analysis and taxonomic considerations—The
ITS and ETS rDNA sequences proved to be useful tools for
estimating phylogenetic relationships within Costus subgenus
Costus. The results of this study are entirely consistent with
the broader phylogenetic analysis of Specht et al. (2001), but
provide much more detail for the neotropical species radiation.
As expected with a rapid diversification, not all nodes were

resolved even with these quickly evolving loci. New World
Costus subgenus Costus was found to be monophyletic, with
the African lineages resolved as basal. The result was not sur-
prising, given that there are no species that naturally occur on
both continents and that the frequency of intercontinental dis-
persal is likely to be low. Our study does not clarify the sister
group of the neotropical radiation because of incomplete sam-
pling of African species and low support for basal relation-
ships. In a post hoc parsimony analysis (1000 heuristic search
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Fig. 2. Parsimony reconstruction of ancestral pollination syndromes on the consensus tree from the Bayesian analysis, pruned so that each taxon is represented
once. Asterisks indicate species for which pollinators have been documented (Kay and Schemske, 2003). All other assignments of pollination character states
are based on Maas (1972, 1977).

replicates, 100 trees saved per replicate), we found that con-
straining the African subgenus Costus taxa to be monophyletic
resulted in MP trees of a single additional step. An SH test of
the strict consensus trees from constrained and unconstrained
analyses (1000 bootstrap replicates and RELL optimization)
shows that the data do not reject the hypothesis of reciprocal
monophyly between the African and neotropical members of
the subgenus (P 5 0.167). Additional sequence and more thor-
ough taxon sampling will be necessary to address that ques-
tion. Within the neotropical clade, Maas’ (1972, 1977) sections

Ornithophilous and Costus, based on pollination syndromes,
clearly are not supported as natural groups.

For the species in the study, we often found divergent se-
quences when more than one accession was sampled. In some
cases, accessions from distinct geographic areas were distantly
related, and we suggest that they may represent independent
evolutionary lineages that have converged on a similar phe-
notype. The varieties of C. guanaiensis, for example, deserve
further evaluation for elevation to species status, as does the
C. aff. wilsonii from the Monteverde region. For both of these
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Fig. 3. Parsimony estimates of the number of unambiguous shifts in pol-
lination syndrome within subgenus Costus across the posterior distribution of
trees from the Bayesian analysis.

cases, multiple individuals were sequenced, and sequences
were found to be identical within a given site (results not pre-
sented). In other cases, we found that different populations of
a species yielded divergent sequences that were not monophy-
letic but that stemmed from the same polytomy. For example,
our extensive sampling of the geographically widespread C.
pulverulentus and C. scaber resulted in a large polytomy, with-
in which were nested C. spicatus, C. woodsonii, and the Mon-
teverde accession of C. aff. wilsonii. A cautious interpretation
is that these five species are very recently diverged, and for
such closely related species, the ITS/ETS gene tree has not
yet attained reciprocal monophyly for the constituent species.
A better estimate of the evolutionary history of such a recent
diversification would require multiple unlinked loci and more
thorough population sampling.

We sometimes observed divergent ITS or ETS alleles within
a single individual. It is possible that these were pseudogenes,
but they did not have mutations in the conserved 5.8S region.
Their presence may also be explained by incomplete concerted

evolution, minor replication errors propagated during PCR, or
gene flow between divergent populations.

Pollination systems—Reconstruction of ancestral pollina-
tion states suggests that changes in pollination biology have
been a prominent feature in the neotropical radiation of Costus
subgenus Costus. Although there is almost no information on
the pollination systems of African subgenus Costus, their floral
traits are characteristic of bee pollination, all possessing white
tubular flowers with pink and/or yellow nectar guides and
green floral bracts. In the neotropical clade, the majority of
the species have a hummingbird pollination syndrome, and the
bee-pollinated species for which there are pollinator observa-
tions have further specialized on orchid bees (Kay and Schem-
ske, 2003). Neither hummingbirds nor orchid bees occur in
Africa, so all neotropical species likely have derived pollina-
tion systems, although the characters involved in hummingbird
pollination are especially distinct, including bright reds and
yellows, tubular curved corollas, and a reduction in the label-
lum that bee pollinators use as a landing platform. Our par-
simony reconstructions suggest that hummingbird pollination
has evolved multiple times in the neotropics, with a conser-
vative estimate of seven unambiguous shifts from bee to hum-
mingbird pollination, and no support for reversals. This direc-
tion of change in pollination is consistent with the wide floral
phenotypic diversity among the hummingbird-pollinated spe-
cies, but relative consistency in floral traits among the bee-
pollinated species (Kay and Schemske, 2003). All but three of
the 16 unsampled neotropical species have a hummingbird-
pollination syndrome, and thus our results are likely to under-
estimate the number of shifts to hummingbird pollination.

It is possible to calculate a per speciation ‘‘hummingbird
pollination shift rate’’ as the number of independent origins of
hummingbird pollination divided by the number of speciation
events. Ignoring extinction and assuming a bifurcating phy-
logeny, the number of speciation events is the current number
of species in the clade minus one. For Costus subgenus Costus,
with approximately seven independent origins of hummingbird
pollination across 38 sampled species or varieties, the rate is
0.18. In other words, approximately one-fifth of the speciation
events have involved a shift to hummingbird pollination. This
is a high rate compared to other plant lineages that have been
studied. For comparison, we calculated hummingbird polli-
nation shift rates in some other groups that have multiple
transformations reported. We found a rate of only 0.03 for the
western North American Mimulus (Beardsley and Olmstead,
2002; Beardsley et al., 2003, 2004), 0.05 for Penstemon s.l.
(Castellanos, et al., 2004; Wilson et al., 2004), 0.11 for Ery-
thrina (Bruneau, 1997), and 0.03 for tribe Sinningieae (Perret
et al., 2003).

In Costus, shifts in pollination syndrome are concentrated
in the species of Central American or Andean distribution,
suggesting that proximity to montane environments is associ-
ated with the evolution of hummingbird pollination. Hum-
mingbird diversity is centered in the northern Andes and en-
compasses hundreds of species. The major hummingbird lin-
eages diversified in the Miocene and now comprise over 300
species (Bleiweiss, 1998). Thus, there were many potential
hummingbird pollinators at the time subgenus Costus arrived
in the neotropics.

Biogeography and diversification rates—Our dating based
on a molecular clock suggests that the rapid speciation in Cos-
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Fig. 4. Biogeographic distribution of Costus species depicted on the consensus tree from the Bayesian analysis, pruned so that each taxon is represented
once. Branch lengths are averaged across all trees containing a particular branch in the Bayesian posterior distribution of trees.
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tus subgenus Costus coincided with important climatic and
geological events in Central America and northern South
America, notably the uplift of the northern Andes from about
5 Ma, the closing of the Panama isthmus at about 3.5 Ma, and
the dramatic climatic oscillations from warm and wet to cool
and dry that were frequent during the Pleistocene. Although
fossil evidence is lacking for Costaceae, we used a molecular
clock approach to estimate the arrival date of Costus in the
neotropics at 1.5 to 7.1 Ma and a calibration from the closing
of the Panama isthmus to estimate it at 4.6 Ma. Even the oldest
estimate dates the basal divergence between Africa and the
neotropics as no earlier than the beginning of the Pliocene and
suggests long-distance intercontinental dispersal instead of an-
cient vicariance (.95 Ma; Morley, 2000) or even Miocene
dispersal across tropical Laurasian habitat (Davis et al., 2002).

The parsimony reconstruction of ancestral biogeography
supports Central America as the original site of the neotropical
diversification. The earliest estimated date of spread to South
America was 1.1 to 5.4 Ma (using published rates), consistent
with dispersal across the closing Panama isthmus at approxi-
mately 3.5 Ma. The hypothesis of a Central American origin
and subsequent dispersal to South America runs contrary to
the pattern hypothesized for the majority of neotropical plant
groups (Raven and Axelrod, 1974). It is possible that more
complete taxon sampling could change the estimate of Central
America as the site of origin. Our exploration of randomly
attaching unsampled species to branches of the tree found no
arrangements out of 1000 replicates that unequivocally sup-
ported either an Amazonian or an Andean origin of the neo-
tropical radiation. However, we only included extant described
species in this simulation, and it is possible that the Central
American Costus have experienced lower rates of extinction
and/or have been more thoroughly collected and described
than the South American Costus, either of which could lead
to an error in our estimate of the neotropical origin. More
thorough sampling and a more resolved phylogeny are needed
to support our result.

Although all dates should be considered rough estimates
because of the lack of an independent fossil calibration within
Costus and possible error in our branch length estimates, rates
of ITS evolution in Costus would have to be as slow as the
slowest known rates from all plants, in the woody Winteraceae
(Suh et al., 1993) and Hamamelis (Wen and Shi, 1999), to
alter our conclusion that neotropical Costus subgenus Costus
is a recent radiation. Recency of divergence is further sup-
ported by the ease with which fertile hybrids can be made
between many of the neotropical species in greenhouse crosses
(D.W. Schemske and K.M. Kay, unpublished data). Our di-
versification rates of 0.6–2.6 species per lineage per million
years estimated from the published ITS rates or 0.9 species
per lineage per million years estimate from the isthmus cali-
bration suggest that Costus subgenus Costus has diversified at
a rate comparable to the fastest known plant radiations for
which diversification rates have been estimated. For example,
the Hawaiian silversword alliance is estimated at 0.56 6 0.17
species per lineage per million years (Baldwin and Sanderson,
1998), the paleotropical shrub genus Gaertnera (Rubiaceae) at
0.717–0.832 (Malcomber, 2002), the South African ice plants
(Aizoaceae) at 0.77–1.75 (Klak et al., 2004), and neotropical
Inga at approximately 0.5 (calculated from data in Richardson
et al., 2001).

Diversification in the neotropics—Our results suggest a re-
cent and rapid radiation in the neotropics that has gone hand
in hand with changes in specialized pollination systems, a key
part of Gentry’s (1982) hypothesis for the diversification of
the Central America and Northern Andes-centered neotropical
flora. Questions remain about how these striking shifts in floral
traits have occurred and how they may have contributed mech-
anistically to speciation. We propose the following scenario
for the diversification of Costus. African species in subgenus
Costus have large flowers with a bee pollination syndrome,
and the ancestor of the neotropical radiation quickly adopted
orchid bees for pollination. Orchid bees are prominent and
species rich in lowland neotropical rainforest, relatively large
in body size, and are known to travel between isolated nectar-
rich plants on their long-distance foraging routes (Cameron,
2004). This would be a similar phenomenon to that hypothe-
sized for Dalechampia, in which migration to a different con-
tinent, in this case from America to Africa, involves utilizing
different pollinating species, but maintaining the same general
pollination syndrome (Armbruster, 1994).

Climatic fluctuations and geological uplift caused range
shifts and occasional isolation of Costus populations along the
slopes and valleys of the Central American cordillera and
northern Andes. In the tropics, even relatively minor topolog-
ical features have been suggested to be effective dispersal bar-
riers (Janzen, 1967). Isolated populations at higher elevations
adapted to the local hummingbird fauna for pollination, be-
cause orchid bees are less active in the cool, wet weather
(Armbruster and McCormick, 1990; Armbruster and Berg,
1994) that is common at higher elevations in the tropics and
are rarely found above 2000 m a.s.l. (Dressler, 1982). In con-
trast, hummingbirds are common and remain highly active at
higher elevations (Cruden, 1972; Altshuler et al., 2004). In-
termediate floral forms are missing in Costus, suggesting that
the shifts to hummingbird pollination occur relatively quickly
or involve a limited number of genetic changes. The shifts
involved changes in shape and color, but the volume and con-
centration of the nectar reward appears to have remained rel-
atively constant for both orchid bee and hummingbird attrac-
tion (Schemske, 1981; K. M. Kay and D. W. Schemske, un-
published data).

In times of climatic cooling, these newly hummingbird-
adapted lineages could have migrated to lower and warmer
areas, but would have been substantially reproductively iso-
lated from their bee-pollinated relatives. Shifts in specialized
pollination systems are well known to contribute to reproduc-
tive isolation (Grant, 1994; Fulton and Hodges, 1999; Schem-
ske and Bradshaw, 1999), and in Costus, pollinator speciali-
zation is sufficient to preclude most pollen flow between sym-
patric species that differ in syndrome (Kay and Schemske,
2003). Climatic oscillations occurred repeatedly as the Andes
rose, creating many opportunities for allopatric speciation and
secondary range expansions (Graham, 1997). Not all specia-
tion events in Costus have been accompanied by a dramatic
shift in pollination syndrome, but with such a young radiation,
it is likely that strong prezygotic isolation maintains the dis-
tinctiveness of sympatric species, whether by floral speciali-
zation within a pollination syndrome or other ecological dif-
ferences acquired in an environmentally heterogeneous land-
scape.

Putative sister species differing in pollination syndrome sug-
gest that this process may be continually occurring. For ex-
ample, the low-elevation C. bracteatus is strongly supported
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as sister to the cloud forest C. lasius (Fig. 1), and pollinator
observations show that the former is visited exclusively by
euglossine bees, whereas hummingbirds are the only visitors
to the latter. Similarly, C. wilsonii is a rare species, restricted
to a single region of cloud forest in the Central Cordillera of
southern Costa Rica, and we find its nrDNA alleles nested
within the alleles of geographically widespread lowland C.
laevis (Fig. 1). Costus laevis is primarily pollinated by eug-
lossine bees, with occasional hummingbird visits, whereas
only hummingbirds have been seen at C. wilsonii (Kay and
Schemske, 2003).

Although this scenario for the neotropical Costus radiation
is speculative, it integrates much of what is known about pol-
lination biology and the climatic and geologic history of the
region with the results of our phylogenetic analysis. Further-
more, it provides a general hypothesis for the diversification
of many herbaceous, epiphytic, or shrubby lineages in the re-
gion—lineages that altogether make up a substantial portion
of neotropical floristic diversity. Perhaps many of these line-
ages of relatively short-lived plants have been able to diverge
quickly, especially in response to the local biotic assemblage,
when isolated by rapidly changing topographic and climatic
barriers, while many longer-lived trees and lianas diversify
gradually across the vast and comparatively uniform Amazon
basin. Many more time-referenced, species-level phylogenies
are needed from a diversity of taxa, along with information
on pollination systems, but this possibility suggests that the
tropics may be both a museum of plant diversity and a cradle
for recent and ‘‘explosive’’ speciation.
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APPENDIX. Taxa used in this study, GenBank accession numbers for the two regions studied (ITS followed by ETS), voucher specimen/tissue source information,
and geographic origin. Sources for plant material are as follows: University Botanic Gardens, P.O. Box 80.162, NL-3508 TD Utrecht, The Netherlands
(Utrecht); Jardin Botanique National de Belgique, Nationale Plantetuin van Belgie, Domein van Bouchout, B-1860 Meise, Belgium; Tom Wood living
collection, Archer, Florida; and the University of Washington Botany Greenhouse living collection, Department of Biology, Box 351800, Seattle, Washington
98195-1800 (UW). Field collections were made by K.M.K. or D.W.S. Voucher specimens are deposited in the herbarium at Michigan State University
(MSC).

Taxon; ITS, ETS; voucher/source; geographic origin.

C. afer Ker-Gawl; AY972934, AY972999; Utrecht 68GR00199 ESW, 10A.100
HHK46G; Ivory Coast.

C. allenii Maas; AY972877, AY972941; Kay 0314 (MSC) / field collection;
Barro Colorado Island, Panama.

C. amazonicus (Loes.) Macbride ssp. krukovii Maas; AY972879, AY972943;
Utrecht 72GR00353 E S P 12826 16B.210 HHK45F; Arce Rio Moa, Brazil.

C. arabicus Linn.; AY972880, AY972945; Kay 037 (MSC), UW #1924; Haiti.
C. arabicus Linn.; AY972881, AY972944; Utrecht 95GRO1263EMAAS, 16B.

220HHK04; Amazonas, Brazil.
C. asplundii Maas; AY972885, AY972949; Schemske 031 (MSC) / T. Wood

living collection; Ecuador.
C. aff. barbatus Suess; AY972891, AY972955; Kay 0311 (MSC) / UW #1696;

Costa Rica.
C. bracteatus Rowlee; AY972892, AY972956; Kay 0316 (MSC) / field col-

lection; La Selva Biological Station, Costa Rica.
C. chartaceus Maas; AY972911, AY972976; T. Wood living collection, re-

ceived from NMNH GH 90-016; Colombia.
C. claviger Benoist; AY972882, AY972946; Utrecht 91GR01861 ESMAAS,

16A.100 HHK04; Guyana.
C. comosus Rosc. var. comosus; AY972924, AY972989; Schemske 032 (MSC)/

T. Wood living collection; unknown.
C. dirzoi Garcı́a-Mendoza & G. Ibarra-Manrı́quez; AY972930, AY972995;

Utrecht 80GR00128 ESV.RD., 14A.530 HHK45F; Los Tuxtlas Biological
Station, Mexico.

C. dubius (Afzel.) K. Schum.; AY972933/AY972936, AY972998; Utrecht
74GR00729 ESPL, 17A.500 HHK45F; Africa.

C. erythrocoryne K. Schum; AY972886, AY972950; Utrecht 94GR02117 EI-
MAAS, 17A.500 HHK04; Alpahuayo, Peru.

C. erythrophyllus Loes.; AY972912, AY972977; Kay 038 (MSC)/T. Wood
living collection; South America.

C. erythrothyrsus Loes.; AY972889, AY972953; Kay 0339 (MSC)/T. Wood
living collection; South America.

C. guanaiensis Rusby var. guanaiensis; AY972883, AY972947; Kay 0318
(MSC)/field collection; Depto. Santa Cruz, Bolivia.

C. guanaiensis Rusby var. guanaiensis; AY972884, AY972948; Kay 0317
(MSC)/field collection; Depto. La Paz, Bolivia.

C. guanaiensis Rusby var. macrostrobilus (K. Schum.) Maas; AY972917,
AY972982; Kay 0319 (MSC)/field collection; Barro Colorado Island, Pan-
ama.

C. laevis Ruiz & Pav.; AY972919, AY972984; Kay 0320 (MSC)/field collec-
tion; La Selva Biological Station, Costa Rica.

C. laevis Ruiz & Pav.; AY972918, AY972983; Kay 0310 (MSC)/field collec-
tion; Barro Colorado Island, Panama.

C. laevis Ruiz & Pav.; AY972922, AY972987; Kay 024 (MSC)/field collec-
tion; Osa Peninsula, Costa Rica.

C. lasius Loes.; AY972893, AY972957; UW 1926 94-3738; unknown.
C. lasius Loes.; AY972894, AY972958; Kay 0321 (MSC)/field collection; El

Valle de Anton, Panama.
C. laterifolius Baker; AY972938, AY973002; Utrecht 89GR0087 ES, 10A.120

HHK04; Ghana.
C. laterifolius Baker; AY972940, AY973004; Schemske 035 (MSC)/T. Wood

living collection; Africa.
C. letestui Pellegr.; AY972939, AY973003; Schemske 036 (MSC)/T. Wood

living collection; Gabon.
C. leucanthus Maas; AY972913, AY972978; Utrecht 86GR00130 ESMAAS,

17A.200 HHK04; Colombia.
C. lima K. Schum var. lima; AY972926, AY972991; Kay 023 (MSC)/field

collection; Osa Peninsula, Costa Rica.
C. lima K. Schum var. scabremarginatus Maas; AY972925, AY972990; Jar-

din Botanique National de Belgique 75-0400; Colombia.
C. longebracteolatus Maas; AY972887, AY972951; T. Wood living collec-

tion; Costa Rica.

C. lucanusianus J. Braun et K. Schum.; AY972935, AY973000; Utrecht
68GR00220 NS 10B.030 HHK46G; Cameroon.

C. malortieanus H. Wendl.; AY972890, AY972954; Kay 0322 (MSC)/field
collection; La Selva Biological Station, Costa Rica.

C. montanus Maas; AY972928, AY972993; Jardin Botanique National de
Belgique 72-6433; Costa Rica.

C. montanus Maas; AY972929, AY972994; Kay 0323 (MSC)/field collection;
Monteverde, Costa Rica.

C. osae Maas & H. Maas; AY972927, AY972992; Kay 0324 (MSC)/Marie
Selby Botanical Gardens #1997-0373, T. Wood living collection; Osa Pen-
insula, Costa Rica.

C. pictus D. Don ex Lindl.; AY972932, AY972997; Jardin Botanique National
de Belgique 00-5272; Central America.

C. productus Gleason ex Maas; AY972895, AY972959; Kay 039 (MSC)/T.
Wood living collection (labeled C. curvibracteatus); unknown.

C. pulverulentus Presl; AY972896, AY972960; Kay 0328 (MSC)/field col-
lection; Barro Colorado Island, Panama.

C. pulverulentus Presl; AY972898, AY972962; Kay 0326 (MSC)/field col-
lection; La Selva Biological Station, Costa Rica.

C. pulverulentus Presl; AY972897, AY972961/AY972964; Kay 022 (MSC)/
field collection; Osa Peninsula, Costa Rica.

C. pulverulentus Presl; AY972908, AY972973; Kay 031 (MSC)/field collec-
tion; Bonampak, Chiapas, Mexico.

C. pulverulentus Presl; AY972909, AY972974; Kay 0327 (MSC)/field col-
lection; Lacanja, Chiapas, Mexico.

C. scaber Ruiz & Pav.; AY972904, AY972969; Kay 0329 (MSC)/field col-
lection; Depto. La Paz, Bolivia.

C. scaber Ruiz & Pav.; AY972900, AY972965; Kay 0325 (MSC)/field col-
lection; Barro Colorado Island, Panama.

C. scaber Ruiz & Pav.; AY972902, AY972967; Kay 0330 (MSC)/field col-
lection; La Selva Biological Station, Costa Rica.

C. scaber Ruiz & Pav.; AY972901, AY972966; Kay 021 (MSC)/field collec-
tion; Osa Peninsula, Costa Rica.

C. scaber Ruiz & Pav.; AY972905, AY972970; Kay 032 (MSC)/field collec-
tion; Depto. Santa Cruz, Bolivia.

C. spicatus Sesse & Moc.; AY972903, AY972968; Fairchild Tropical Garden
#81-424B, in cult. MSU; Dominican Republic.

C. spiralis Rosc. var. spiralis; AY972915, AY972980; T. Wood living collec-
tion, received from Marie Selby Botanical Gardens 1996-0700; Edo Rio
de Janeiro, Brazil.

C. spiralis Rosc. var. spiralis; AY972914, AY972979; Kay 033 (MSC)/field
collection; Depto. Santa Cruz, Bolivia.

C. stenophyllus Standl. & L.O.Williams; AY972931, AY972996; Kay 0331
(MSC)/Hort.; Osa Peninsula, Costa Rica.

C. talbotii Ridley; AY972937, AY973001; Schemske 038 (MSC)/T. Wood liv-
ing collection; Africa.

C. varzearum Maas; AY972888, AY972952; Utrecht 71GR00153 ESP, 16B.
000 HHK04; Acre, Brazil.

C. varzearum Maas; AY972916, AY972981; Kay 0333 (MSC)/T. Wood living
collection; unknown.

C. villosissimus Jacq.; AY972878, AY972942; Kay 0313 (MSC)/field collec-
tion; Barro Colorado Island, Panama.

C. vinosus Maas; AY972923, AY972988; T. Wood living collection; Panama.
C. aff. wilsonii Maas; AY972899, AY972963; Kay 0336 (MSC)/field collec-

tion; Monteverde, Costa Rica.
C. wilsonii Maas; AY972920, AY972985; Kay 0335 (MSC)/field collection;

Las Alturas Biological Station, Costa Rica.
C. wilsonii Maas; AY972921, AY972986; Kay 0334 (MSC)/field collection;

Las Cruces Biological Station, Costa Rica.
C. woodsonii Maas; AY972906, AY972971; Fairchild Tropical Garden #82–

252A; Tortuguero, Costa Rica.
C. woodsonii Maas; AY972907, AY972972; Kay 034 (MSC)/field collection;

Tortuguero, Costa Rica.
C. zingiberoides Macbr.; AY972910, AY972975; Jardin Botanique National

de Belgique 86-0010; Peru.


