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Abstract

In the spirit of recent calls for species delimitation studies to become more pluralistic,
incorporating multiple sources of evidence, we adopted an integrative, phylogeographic
approach to delimiting species and evolutionarily significant units (ESUs) in the
Corallorhiza striata species complex. This rare, North American, mycoheterotrophic orchid
has been a taxonomic challenge regarding species boundaries, displaying complex patterns
of variation and reduced vegetative morphology. We employed plastid DNA, nuclear DNA
and morphometrics, treating the C. striata complex as a case study for integrative species
delimitation. We found evidence for the differentiation of the endangered C. bentleyi
(eastern USA) + C. striata var. involuta (Mexico) from the remaining C. striata (= C. stri-
ata s.s.; USA, Canada, Mexico). Corallorhiza striata involuta and C. bentleyi, disjunct by
thousands of kilometres (Mexico-Appalachia), were genetically identical but morpholog-
ically distinct. Evidence suggests the C. striata complex represents three species:
C. bentleyi, C. involuta and a widespread C. striata s.s under operational criteria of
diagnosability and common allele pools. In contrast, Bayesian coalescent estimation
delimited four species, but more informative loci and a resultant species tree will be needed
to place higher confidence in future analyses. Three distinct groupings were identified
within C. striata s.s., corresponding to C. striata striata, C. striata vreelandii, and
Californian accessions, but these were not delimited as species because of occupying a
common allele pool. Each comprises an ESU, warranting conservation considerations. This
study represents perhaps the most geographically comprehensive example of integrative
species delimitation for any orchid and any mycoheterotroph.

Keywords: integrative taxonomy, morphology, phylogeography, population
Received 29 November 2010; revision received 31 March 2011; accepted 13 April 2011

phylogenetics and population genetics. However, there

Introduction

Explicit species delimitation studies represent an essen-
tial component of systematics, yet they are currently
underrepresented relative to phylogenetic studies
(Wiens 2007). This is unfortunate, because delimiting
species represents a crucially important first step in
framing studies of conservation, ecology, evolution,
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is no universal consensus on how this should be accom-
plished, although numerous methods have been pro-
posed (e.g. Davis & Nixon 1992; Baum & Shaw 1995;
Doyle 1995; Wiens & Penkrot 2002; reviewed in Sites &
Marshall 2004; Knowles & Carstens 2007; Yang & Rann-
ala 2010). Despite important advances in sequencing
technology and coalescent theory [coalescent gene/spe-
cies tree approaches (e.g. Yang & Rannala 2010)], there
exists a strongly professed need to utilize multiple forms
of evidence. Many researchers favour a multifaceted,



2772 C. F. BARRETT and J. V. FREUDENSTEIN

integrative approach to delimiting species (e.g. Wiens &
Penkrot 2002; Sites & Marshall 2004; Dayrat 2005; Will
et al. 2005; Roe & Sperling 2007; Groenveld et al. 2009;
Leaché et al. 2009; Padial & de la Riva 2010; Padial et al.
2010; Schlick-Steiner et al. 2010; Weisrock et al. 2010),
including the architects of a recently published Bayesian
coalescent molecular approach: ““At a minimum, species
delimitation should rely on many kinds of data, such as
morphological, behavioural, and geographic evidence
(Yang & Rannala 2010).” We adopt a pluralistic, integra-
tive approach to delimiting species and ESUs in a group
of fungus-eating orchids, the Corallorhiza striata complex.
We utilize 14 quantitative morphological characters,
eight morphological landmarks, two plastid DNA loci
and three nuclear loci to investigate the patterns of varia-
tion and delimit species across populations spanning the
entire geographic range.

A case study in a widespread, variable orchid

Morphology, behaviour, phylogeography and popula-
tion genetics play important, often crucial, roles in taxo-
nomic and speciation studies, and thus are paramount
in conservation biology. Rangewide investigation is the
ideal method for informing species decisions, which in
turn provides the information necessary to best pre-
serve variation within the resultant taxa. The geo-
graphic ubiquity and unmatched species richness of
orchids among plants, combined with their tendency to
be rare and endangered (Dressler 1981, 1993), illustrate
the need for these types of studies. The Corallorhiza stri-
ata species complex is rare but widespread, highly vari-
able and has historically been a taxonomically
challenging group (Freudenstein 1997), owing to its
severely reduced vegetative and root morphology.
Thus, it will be especially crucial to examine multiple
sources of data in highly reduced parasitic and myco-
heterotrophic species, augmenting morphology with
DNA sequences. Barrett & Freudenstein (2009) identi-
fied four plastid DNA clades within the C. striata com-
plex. Corallorhiza striata var. involuta (Mexico) and the
endangered C. bentleyi (eastern USA) were virtually
identical for the loci examined, forming a distinct clade,
and were together highly divergent relative to the rest
of the complex. These two small-flowered, apparently
self-pollinating taxa were also morphologically distinct
from the remainder of the complex, and furthermore
distinct from one another, suggesting their recognition
as two separate species. The remaining populations of
C. striata, hereafter termed C. striata sensu stricto
(= s.s.), also formed a clade. Nested within this clade
were three subclades, each significantly differentiated in
terms of floral size. The large-flowered C. striata var.
striata (northern USA and Canada) was sister to the

smaller-flowered C. striata var. vreelandii, and these in
turn were sister to an intermediate-flowered clade ende-
mic to California.

Despite these preliminary findings, numerous ques-
tions remain regarding the patterns of variation in the
C. striata complex, especially as they relate to species
boundaries. Questions addressed here are as follows: (i)
In the context of geographic distribution, do nuclear
DNA, plastid DNA and morphology provide evidence
for separate species within the C. striata complex under
a phylogenetic species concept? (ii) Does Bayesian coa-
lescent analysis similarly delimit separate species? (iii)
What is the rangewide population structure of C. striata
s.s., and are vars. vreelandii, striata and Californian
accessions fully differentiated based on nuclear and
plastid DNA? (iv) Does nuclear DNA provide evidence
for gene flow between distinct plastid DNA/morphoge-
ographic groupings? (v) Lastly, is there evidence for
ESUs in the complex? To address these questions, we
utilized several analytical approaches, including gene
tree and network construction, assignment tests, hierar-
chical analysis of molecular variance, coalescent estima-
tion of gene flow, ordination, Bayesian species
delimitation and various other statistical tests. To our
knowledge, investigation of the C. striata complex rep-
resents one of the most geographically extensive analy-
ses to date for any orchid species complex (and also
any mycoheterotrophic species).

Materials and methods

Orchid sampling, DNA extraction, amplification,
sequencing and phasing

Two to ten individuals were collected per sampling
locality across North America (Appendix S1, Support-
ing information). When possible, a single basal flower
per individual was collected for morphological analysis.
At least one individual from each population was vou-
chered at Ohio State University Herbarium. Sampling
efforts were focused towards C. striata in the USA and
Canada; accessions of C. bentleyi and C. striata var. in-
voluta were included in this study but could not be
sampled to the same extent as the remainder of C. stri-
ata because of rarity and difficulty obtaining material.
Individuals were sampled only if they were >1 m apart
to avoid sampling vegetative clones.

DNAs were extracted using a CTAB protocol (Doyle &
Doyle 1987). Plastid loci rbcL and rpl32-trnL spacer were
amplified and sequenced for 189 individuals following
Barrett & Freudenstein (2008) and Shaw et al. (2007),
respectively. Plastid outgroup taxa were chosen as in the
method described by Barrett & Freudenstein (2009). Sets
of published nuclear primers (e.g. Emshwiller & Doyle
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1999; Strand et al. 2000) were tested on Corallorhiza striata
and congeners, resulting in only three regions that
amplified single bands. Primers NIAi3-F and NIAi3-R
(Howarth & Baum 2002) were used to amplify intron
three of nitrate reductase. The region corresponding to
RPB2 intron 23 in Arabidopsis thaliana was amplified with
primers P10-F and P11a-R (Denton et al. 1998). RPB2
encodes RNA polymerase II subunit B and is single copy
in diploid monocots (e.g. Specht 2006; Roncal et al. 2008).
The region corresponding to flavanone 3-hydroxylase
gene (F3H) intron II in the orchid Bromheadia finlaysoniana
was amplified with primers Flav-F2 and Flav-R (Taylor
et al. 2004). Both of these markers (RPB2 and F3H) have
been utilized successfully in congener C. maculata
(Taylor et al. 2004). Polyploidy has never been docu-
mented in Corallorhiza, and the diploid chromosome
number (2n) for C. striata is 42 (Love & Simon 1968; Love
& Love 1981).

Nuclear intron sequencing was completed as for plas-
tid loci (Barrett & Freudenstein 2008), for a total of 162
individuals each. Nitrate reductase showed clear evi-
dence of multiple copies, so no further sequencing was
undertaken for this locus. RPB2 and F3H introns each
demonstrated expected patterns for single copy genes.
No length variation was observed in either region, so
they were both sequenced directly, and ambiguity
codes were initially applied to heterozygous positions.
The nuclear ribosomal internal transcribed spacer (ITS)
was amplified and sequenced as in the method
described by Barrett & Freudenstein (2008). No evi-
dence of multiple ITS copies within individuals was
observed. Variation at this locus was informative but
limited, so a subset of individuals (1 = 44) representing
nearly all populations from across the range was
sequenced to define ITS types. For the remaining indi-
viduals, allele-specific primers ITS-striata-R (GTTGGC
ACGAAGCGACGCAACA), ITS-vree-R (GTTGGCAC-
GAAGCGACGAAACG) and ITS-Cali-R (CCGACACA-
CAC TTAGGTGTGATT) were used in combination
with primer ITS1 (White et al. 1990) in a PCR assay to
identify the ITS types based on nucleotide polymor-
phisms. PCR conditions followed the procedure carried
out by Barrett & Freudenstein (2008). Each template
was subjected to PCR with each primer combination,
along with both negative and positive controls (i.e.
accessions previously sequenced) to confirm amplifica-
tion with the correct corresponding allele-specific
reverse primer. Sequences were aligned in MuscLE 3.6
(Edgar 2004). Alignments were free of singleton muta-
tions that would likely represent PCR base misincorpo-
rations. PHASE 2.1.1 (Stephens et al. 2001; Stephens &
Donnelly 2003) was used to determine the allelic
sequences of heterozygous intron amplicons. Five inde-
pendent runs of 20,000 iterations were implemented
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from random seeds, discarding the first 5000 as burn-in
and allowing recombination. Runs indicated that a min-
imum posterior probability of 0.9 was recovered for
each position.

Recombination, phylogenetic and network analyses

Patterns derived from the plastid loci used in this study
were previously demonstrated to be free of topological
conflict (Barrett & Freudenstein 2009), so the loci were
combined as a single plastid data set. Gene trees for the
plastid matrix were constructed under both maximum
parsimony (MP) and likelihood (ML). T™T (Goloboff
et al. 2008) was used to implement MP searches, with
100 random addition sequence replicates and tree bisec-
tion-reconnection branch swapping, holding a total of
10 000 trees. Branch support was assessed via jackknif-
ing using the same search parameters as above for 5000
pseudoreplicates, with 37% deletion probability. The
GTR + I model was selected for combined plastid DNA
under the Akaike information criterion (Akaike 1974) in
MODELTEST (Posada & Crandall 1998). ML searches were
conducted in RaxML (Stamatakis 2006b), using the GTR-
MIX model, with C = 25 rate categories. GTRMIX uses
the GTRCAT approximation to assign per-site parame-
ters to a predefined number of categories and then uses
the GTR-T" model to evaluate the likelihood (Stamatakis
2006a). Bootstrap searches (2000 replicates) were run
using the GTRCAT approximation (Stamatakis 2006a).

DNAsP 4.10.1 (Rozas et al. 2003) was used to determine
the minimum number of recombination events (Rys;
Hudson & Kaplan 1985) per nuclear intron. MAXCHP
(Maynard Smith 1992) and ceneconv (Padidam et al.
1999) were employed using 10 000 permutations, with
Bonferroni correction for multiple comparisons (Rice
1989) in rop3 (Heath et al. 2006). Lastly, the ®-test was
implemented using spLITSTREE 4 (Huson 1998; Huson &
Bryant 2006). Also estimated with pNnasp were haplotype
diversity (h, the probability that two haplotypes are dif-
ferent), nucleotide diversity (n, the average number of
nucleotide substitutions per site of two randomly
drawn sequences; Nei & Li 1979; Tajima 1983), Tajima’s
D (Tajima 1989) and Fu’s Fs (Fu 1997); the latter two
are tests of selective neutrality.

Trees of representative nuclear alleles were estimated
for each locus separately in paur 4.0b (Swofford 2003),
implementing MP heuristic searches as earlier (100
RAS, TBR, hold 10 000 trees), and 2000 jackknife repli-
cates using these same parameters. An accession of Cor-
allorhiza wisteriana (JVF 2789a FL) was used as the
outgroup for these sequences, which has been shown to
be a member of the sister clade to the C. striata complex
(Barrett & Freudenstein 2008; Freudenstein & Senyo
2008); this species was chosen because of difficulty
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amplifying nuclear introns in the outgroup taxa chosen
for plastid DNA analyses. Nuclear relationships
between all sampled individuals of C. striata s.s. were
assessed via minimum-spanning networks in TCs 1.21
(Clement et al. 2000), with 95% connection limits.
Lastly, a multilocus distance network of relationships
between individuals within C. striata s.s. was obtained
with poraD 1.03 (Joly & Bruneau 2006).

Analysis of population structure

Two approaches were employed to ascertain population
structure of C. striata s.s. First, a Bayesian genetic assign-
ment algorithm was implemented in STRUCTURE 2.3 under a
correlated allele frequency model allowing for admixture
of individuals (Pritchard et al. 2000). Plastid and nuclear
data were combined, with the “other” copy of the plastid
data per individual coded as missing (J. Pritchard, per-
sonal communication), and then STRUCTURE was run with
nuclear data only. Twenty replicate runs were completed
for values of the number of clusters, K, from K = 1-8. Runs
consisted of 10 000 000 generations of the Markov chain
Monte Carlo (MCMO), following a burn-in of 5 000 000
generations. The AK method (Evanno et al. 2005) was
used to determine the number of genetic clusters.

Second, analysis of molecular variance (amova, Excof-
fier et al. 1992), implemented in ARLEQUIN 3.1 (Excoffier
et al. 2005), was used to assess the partitioning of
genetic variation among groupings and localities for
both plastid and nuclear data and its significance
(10 000 permutations). Plastid data (combined rbcL and
rpl32-trnL spacer) were partitioned by clade (excluding
C. bentleyi and C. striata var. involuta) and then by sam-
pling locality. Nuclear intron data were partitioned by
plastid clade membership, then by sampling locality
and individual; they were treated as unknown-phase
multilocus genotypes. amova was not calculated for ITS
data, because of low polymorphism.

Gene flow estimation within C. striata s.s.

Coalescent analyses of gene flow were conducted in
MIGRATE 3.1.2 (Beerli & Felsenstein 1999, 2001) to assess
long-term nuclear gene flow between C. striata striata,
vreelandii and Californian accessions. MIGRATE uses the
Wright-Fisher model of gene flow to estimate the val-
ues © = 4N.p and M; _, j, where N, = effective popula-
tion size, u = substitutions/site/generation (s/s/g) and
M; _, j = migration rate from deme i to deme j. This
model assumes constant N, p, and M over time and
drift-migration equilibrium. Exponential and uniform
prior distributions were placed on © (mean = 0.002,
range = 0.0-0.1) and M (mean = 100, range = 0-2000),
respectively; these priors outperformed various other

prior combinations in preliminary runs. Six heated Mar-
kov chains (temperatures 1, 1.5, 3, 10, 100 and 100 000)
were run for 4.0 x 107 steps, with a burn-in period of
6.0 x 10° steps. Three runs were completed from differ-
ent random starting seeds, and adequate Markov chain
mixing was verified by effective sample size (ESS) val-
ues for all parameters exceeding 300. To incorporate
uncertainty into estimates of N, and Nem, substitution
rates were calculated based on values +/— an order of
magnitude around the estimate of 7.0 x 10~ substitu-
tions per site/year (noncoding nuclear DNA; Wolfe
et al. 1987; Hewitt 2000). This estimate was converted
to substitutions/site/generation assuming a generation
time of 5 years based on field experiments in Corallorh-
iza (Correll 1950; Rasmussen 1995).

Bayesian species delimitation

A multilocus, coalescent species delimitation analysis
was conducted using the program srp 2.0 (Rannala &
Yang 2003; Yang & Rannala 2010). This method adopts
the biological species concept (BSC) (see Yang & Rann-
ala 2010), using a species phylogeny represented by a
user-specified guide tree, and accommodates lineage
sorting because of ancestral polymorphism. The guide
tree chosen was the plastid DNA topology of Barrett &
Freudenstein (2009). To assess the effect of alternate
guide tree topologies (i.e. species tree uncertainty),
branches within C. striata s.s. were rearranged in addi-
tional runs. Ten individuals each of var. striata, var. vre-
elandii and Californian accessions were analysed (one
randomly selected individual from each of ten ran-
domly selected localities for each); likewise, three indi-
viduals each were selected for C. bentleyi and C. striata
involuta. A gamma prior (G) was used to specify the
population size parameter ® and root age 1y of the spe-
cies tree. Three population size/species tree age combi-
nations were modelled (e.g. see Leaché & Fujita 2010):
large N, + deep divergence time [G(1,10) for 6 and T],
large N, + shallow divergence time [G(1,10) for 0 and
G(2,2000) for tp] and small N, + shallow divergence
time [G(2,2000) for 6 and tp]. Other divergence time
parameters were assigned a Dirichlet prior (Yang &
Rannala 2010: equation 2). Each analysis of 500 000
MCMC generations was run twice from different start-
ing seeds with a burn-in period of 50 000; this gave
consistent parameter estimates between replicate runs
and ESS values >1000 for all parameters.

Floral morphometrics

Fourteen continuous floral characters were scored
(Appendix S3F, Supporting information). A total of 134
individuals were measured, including 36 individuals of
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var. striata, 32 individuals of var. vreelandii, 35 Califor-
nian individuals, eight individuals of var. involuta and
23 individuals of Corallorhiza bentleyi. Data were analy-
sed using prast 1.91 (Hammer et al. 2001) and spss 17
(SPSS Inc., Chicago, Illinois, USA) and tested for multi-
variate normality as in Barrett & Freudenstein (2009).
Measurements were logjo-transformed, a variance/
covariance matrix was constructed, and principal com-
ponent analysis (PCA) was used to identify the clusters
of individuals in multivariate space. Canonical variates
analysis (CVA) and multivariate analysis of variance
(MaNoOvA) were used to test the statistical significance of
morphological distinctness based on a priori groupings,
respectively. To investigate labellum shape variation in
the C. striata complex, the labella of 118 individuals
were scanned at 2400 dpi. Labella were shown to be
particularly informative in a previous investigation
(Barrett & Freudenstein 2009), so eight labellum land-
marks (Appendix S3G, Supporting information) for 118
individuals were assigned using TpspIG 2 (Rohlf 2004).
Landmarks were transformed to Procrustes coordinates
in pasT 1.91 (Hammer et al. 2001), subjected to thin-plate
spline analysis (TPS, Bookstein 1989), and partial warp
scores were used in ordination analyses (shape-PCA,
CVA).

Results

Plastid and nuclear DNA relationships

Topologies for combined plastid rbcL and rpl32-trnL
spacer (Fig. 1) under parsimony (Fig. 1) and likelihood
(Appendix S2, Supporting information) were topologi-
cally identical to Barrett & Freudenstein (2009) but
included more than twice the number of accessions.
Variety striata [jackknife support (JK) =91, bootstrap
support (BS) = 90], var. vreelandii (JK = 85, BS = 88) and
the Californian accessions (JK =100, BS = 100) each
comprised unique clades; the former were sister to one
another and collectively sister to the Californian clade
(JK =99, BS = 100). Sister to (and highly distinct from)
this entire clade (JK = 100, BS = 100) was a clade com-
posed of C. bentleyi and C. striata var. involuta
(JK =100, BS =100). As in Barrett & Freudenstein
(2009), C. bentleyi and C. striata var. involuta were not
genetically distinct from one another. In fact, the only
variation observed in this clade was represented by a
single unique accession of C. striata var. involuta from
Oaxaca, Mexico (accession JVF 2155 OAX), sister to a
plastid haplotype of C. striata var. involuta (n = 7 acces-
sions) and C. bentleyi (n = 6 accessions).

Neither MAXCHI> nor GENECONV tests detected significant
recombination signal within nuclear introns; the ®-test
detected only marginally significant recombination for
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F3H (Appendix S3A, Supporting information). Hudson
& Kaplan’s (1985) test, however, identified a minimum
of two recombination events (R,,) for RPB2, and three for
F3H, based on site-pair incompatibilities. Each intron
was split into nonrecombining regions based on break-
points from the Hudson & Kaplan (1985) test and con-
firmed to be free of recombination. RPB2 was split into
two regions, hereafter referred to as RPB2-5" and RPB2-3’
(231 and 122 nucleotides in length, respectively). The first
40 and last 4 base positions were removed from F3H,
leaving a nonrecombining region of 385 bp.

Both nuclear intron loci and ITS differentiated a clade
composed of C. bentleyi + C. striata involuta from C. stri-
ata s.s.; the former clade showed no genetic variation
for any of the three nuclear intron regions (Appendix
S4A-C, Supporting information). The C. bentleyi +
C. striata involuta clade shared no nuclear alleles with
C. striata s.s. ITS showed extremely limited variation
(Appendix 54D, Supporting information), but substantial
geographic structure. First, a C. bentleyi—involuta clade
and C. striata s.s. clade were each recovered (JK = 100
for each); as with the nuclear introns, no differentiation
was detected in the former. ITS resulted in a polytomy
for relationships within C. striata s.s. (Appendix S4D,
Supporting information), with var. striata and accessions
of var. vreelandii from Hidalgo, Mexico, each bearing
unique ITS types. The remaining var. vreelandii acces-
sions also comprised a unique ITS type, closely related to
another that contained all accessions from California.
Two accessions from the western Cascade Range in Ore-
gon (CFB 29a and b, Lane Co., OR, USA) each harboured
one allele matching var. striata and one matching Califor-
nian accessions. Allele-specific primers for ITS variants
clearly discriminated between ITS types, allowing char-
acterization of individuals from populations of each.

Within C. striata s.s. (Fig. 2a—c), nuclear intron
sequences did not demonstrate the exclusivity of alleles
among subgroups (i.e. plastid clade groupings). How-
ever, alleles for each locus had nonrandom distributions
among the three groupings (log-likelihood ratio G-test;
P < 0.0001 each). Individuals of varieties vreelandii and
striata cluster in distinct regions of the multilocus net-
work of Fig. 3, which here is more apparent than in
each single locus network (Fig 2a—c). However, var. vre-
elandii, var. striata and Californian accessions are not
completely exclusive. First, individuals from California
do not form a highly distinct cluster; they occupy inter-
mediate positions in the network and are generally
interspersed among individuals of both vars. vreelandii
and striata. Second, a few accessions of var. striata
(accessions 292 OR and 29b OR from Oregon, USA, and
125e WY from Wyoming, USA) grouped more closely
with individuals of var. vreelandii and Californian indi-
viduals.
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Fig. 1 One of fourteen most parsimonious trees (Consistency Index (CI) = 0.93, Retention Index (RI) = 0.95) based on combined rbcL,
rpl32-trnL spacer and indel characters. Maximum parsimony (MP) jackknife (5000 pseudoreplicates) and ML bootstrap values (2000
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Fig. 2 Statistical parsimony networks for C. striata sensu stricto
nuclear intron loci and internal transcribed spacer generated in
TCS (95% connection limit). Pie charts represent individual
alleles, their sizes proportional to their frequency in the sample.
(a) Flavanone 3-hydroxylase intron II (F3H), (b) 5 region of
RNA Polymerase II Second Subunit intron 23 (5" RPB2), (c) 3’
region of RPB2 intron 23, (d) Internal Transcribed Spacer (ITS).
The three colours represent plastid DNA group membership:
white = var. striata, black = var. vreelandii and grey = California.

W Corallorhiza striata var. vreelandii (Southwestern USA, Mexico) 0
O Corallorhiza striata var. striata (northern USA, Canada)
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Population structure of C. striata s.s.

Assignment tests for the nuclear-only data set indi-
cated that the number of genetic clusters (K) was
most likely 2 or 3 (Table 1), shown by AK values,
with relatively high values for both K =2 and K = 3.
When plastid DNA was included, there was stronger
evidence for K =3. Under both scenarios of K=3
(Appendix S5, Supporting information), genetic
assignments matched the initial designation (i.e. var.
striata, var. vreelandii, and Californian accessions) for
151 of 155 individuals. The other four individuals
showed significant evidence of admixture between the
genetic clusters (i.e. <95% of an individual’s genotype
was from any single genetic cluster). Because the val-
ues of 4K for K=2 and K =3 were so similar for
nuclear data, and the inclusion of plastid data
showed stronger evidence for K =3, it is more likely
that there are three genetic clusters among the indi-
viduals sampled. Therefore, K=3 was chosen for
hierarchical amova.

AaMmovAa of combined plastid rbcL and rpl32-trnL
spacer (Table 2) partitioned 44.82% of the total genetic
variation between clades A-C (®cr = 0.45, P < 0.0001),
while 20.47% was explained among sampling localities
and 34.71% within them (respectively, ®sc = 0.37,
Ogr = 0.65, P < 0.0001 each). Pairwise ®cr comparisons
were all significant (Appendix S3B, Supporting infor-
mation). Most of the significant nuclear variation in
C. striata s.s. was observed between a priori plastid
clade groupings (mean across loci = 45.17%, ®cr = 0.45,
P < 0.0001) and within individuals (mean across loci =
42.93%, @ =0.57, P <0.0001). Furthermore, all pair-
wise nuclear ®cr comparisons were highly significant

Fig. 3 Pofad genetic distance network
of C. striata sensu stricto individuals
based combined nuclear intron alleles.
Tips of the network represent unique
multilocus genotypes.
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Table 1 Summary of results from Bayesian genetic assignment tests implemented in sTRUCTURE for nuclear data only
(RPB2 + F3H + ITS; above) and combined plastid and nuclear data (below)

K 1 2 3 5 6 7 8
Nuclear only

LIP(D)] -1379.1 -1022.9 -865.75 -815.6 —-880.6 -797.2 -813.7 -805.0
S.D. 0.1 7.5 4.6 23.1 175.3 29.6 35.1 23.5
AK n/a 26.4 23.1 5.8 1.1 4.5 1.7 14
Plastid and nuclear

L(P[D]) -1789.9 -1344.7 -1119.5 -1088.2 -1060.7 -1085.8 -1176.3 -1117.9
S.D. 0.5 6.5 4.4 111.6 87.1 100.7 235.4 161.0
AK n/a 33.8 44.0 1.1 2.1 2.1 1.7 1.1

ITS, internal transcribed spacer. K = number of genetic clusters; L[P(D)] = log probability of the data for a given K; S.D. = standard
deviation of the log probability of the data; AK = second-order rate of change in the log probability of the data between different K

values.

among plastid groupings (P < 0.0001). No linkage dis-
equilibrium was detected among the three nuclear
intron loci (P < 0.0001). Significant deviations from
HWE were observed in a few instances (Appendix
S3C, Supporting information), most notably in var.
vreelandii for F3H and RPB2-5". Nuclear intron diver-
sity (h, m; Appendix S3D, Supporting information) was
highest in the Californian group, followed by var. stri-
ata and var. vreelandii; in contrast, the Californian
group displayed the lowest plastid DNA (ptDNA)
diversity, while var. striata had the highest. Nonsignifi-
cant Tajima’s D and Fu's Fs suggested selective
neutrality for each locus.

Gene flow

Estimates of the effective number of migrants per gen-
eration (N,m) were all below one, suggesting little to no
gene flow between these three groupings (Appendices
S3E and 6, Supporting information). However, estimates
of both N. and N.n have wide credibility intervals,
reflecting substantial uncertainty. The 95% posterior
densities of all M-parameter estimates include zero,
indicating that more loci will be needed to reduce
uncertainty around estimates of gene flow and effective
population sizes. For each grouping, estimates of ® and
M displayed unimodal posterior distributions (Appen-
dix 56, Supporting information). Despite wide credibil-
ity intervals, the shapes of these posterior distributions
(Appendix S6, Supporting information) provide
better indicators than the mean estimates. For
example, posterior distributions for Mcaiifornia — oreelandiis
Mvreelundii —  California and Mstriatu — California all reach
their peaks at zero, while M yista — vreelanaii and
Mcalifornia —  strista have nonzero peaks (the distribu-
tion for Mvreelandii —
ambiguous).

strigta  11€Ar ZEero was relatively

Morphology

Principal component analysis (Fig. 4a) of 134 individu-
als and 14 morphological characters yielded groupings
consistent with the findings of Barrett & Freudenstein
(2009). The distinctness of C. striata var. involuta,
C. bentleyi and C. striata s.s. persists in the light of
increased sample size relative to the aforementioned
study. Mardia’s test confirmed multivariate normality
(P > 0.1 for all comparisons). Canonical variates analy-
sis and PCA (Fig. 4b,a, respectively) recovered similar
overall structure; MANOvA demonstrated significant dif-
ferentiation of groupings (Wilk’s A = 0.0086, P < 0.0001),
with significant differences for each pairwise compari-
son (Hotelling’s T2, P < 0.01 each). Thus, both PCA and
CVA clearly morphological distinctness
among these groupings (these are merely mapped onto
PCA axes and play no part in calculations as they do in
CVA). PCA (Fig. 4a) suggests overlap for a few Califor-
nian individuals with both vars. striata and vreelandii,

illustrate

but all three groupings had significantly different cent-
roids. PC1 and CV1 differentiate C. striata s.s. from the
C. bentleyi—involuta clade, as well as explain the vast
majority of the variation within C. striata s.s.; these lar-
gely represent overall correlated size variation. Column
length and perianth length + width characters (petals,
sepals and labellum) contribute most strongly to PC1
and CV1 (Appendix S3F, Supporting information). PC2
and CV2 differentiate C. bentleyi and C. striata var. in-
voluta, largely based on callus length and width
(Appendix S3F, Supporting information).

Shape-PCA and CVA of Procrustes-transformed label-
lum landmarks clearly differentiated C. bentleyi from all
other members of the C. striata complex (Fig. 4c,d).
Most notably, the position of the callus apex (landmarks
G and H; Fig. 5) extends below the widest point of the
labellum (landmark B; Fig. 5) in C. bentleyi relative to

© 2011 Blackwell Publishing Ltd
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Principal component 2
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Fig. 4 (a) PCA, and (b) CVA of 14 continuous floral morphometric characters (log-transformed). (c) PCA of eight Procrustes-trans-
formed labellum landmarks. (d) CVA of partial warp scores from a thin-plate spline transformation of landmarks. (e) CVA of com-
bined nuclear haplotypes, plastid haplotypes and 14 log-transformed morphometric characters for a subset of C. striata s.s.
individuals (1 = 82). Solid squares = C. bentleyi, solid triangles = C. striata var. involuta, empty squares = Californian accessions,
empty diamonds = C. striata var. vreelandii and crosses = C. striata var. striata.

other members of the complex. This finding illustrates
an important distinction from var. involuta, which is
otherwise highly similar to C. bentleyi in terms of over-
all flower size. Although partially overlapping with var.
vreelandii and Californian accessions, both C. striata var.
striata and C. striata var. involuta occupy more restricted

© 2011 Blackwell Publishing Ltd

regions of shape space. Nonetheless, CVA/MaNOvA of
partial warp scores suggests that although there is visi-
ble overlap for C. striata s.s. groupings on CV1 and
CV2, their centroids still differ significantly (Wilk’s
A =0.029, P<0.0001; all pairwise Hotelling's T?> P<
0.01). CVA of 82 individuals based on combined DNA
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Fig. 5 Procrustes-transformed landmark
plot of C. striata labellum data, parti-
tioned by plastid DNA grouping (top
left; crosses = var. striata, empty dia-
monds = var. vreelandii, empty squares
= Californian accessions, solid trian-
gles = C. striata  involuta and  solid
squares = C. bentleyi). On the top right
is a scanned labellum photograph (var.
striata accession 3b MI) showing the
positions of the landmarks (A) basal
labellum ridge, (B) labellum widest
point, (C) labellum apex, (D) callus
basal groove, (E) callus basal ridge, (F)
callus widest point, (G) callus apical
ridge and (H) callus apical groove).
Across the bottom are representative
scaled photographs of labella from each
of the groupings with arrows showing
callus apex. Black and grey ovals high-
light the callus apex (right) and widest

0.32 1
0.16 1
0 4
—0.16
—0.32 A1
—0.48 A
m  C. bentleyi
A C.involuta
0847 | + ¢ striata striata
O . striata California
—0.84 | © C. striata vreelandii
064 -048 -032 -0.16 0 0.16
var. striata var. vreelandii California

var. involuta C. bentleyi

labellum point (left) for C. bentleyi and
C. striata involuta, respectively.

and morphological data (Fig. 4e) produced clusters that
corresponded well with each of the three a priori
groupings (Wilk’s A = 0.007, P < 0.0001).

Bayesian species delimitation in the C. striata complex

For all prior parameter combinations, the four-species
model (1110; Appendix S3H, Supporting information)
had posterior speciation probabilities >0.98; this model
specified var. striata, var. vreelandii and Californian
populations as separate species, with C. bent-
leyi + C. striata involuta as a single species. In compari-
son, the five-species model (1111; Appendix S3H,
Supporting information) displayed extremely low pos-
terior probabilities under all prior combinations (<0.02
in all cases; Appendix S3H, Supporting information).
However, further analyses under different guide tree
topologies (i.e. using all three possible topologies
within C. striata s.s. to reflect tree uncertainty among

these entities) gave similarly high posteriors for the
four-species model.

Discussion

Recent proposals regarding integrative species delimi-
tation have suggested a more or less algorithmic set of
steps for delimiting species using multiple sources of
data (e.g. Padial et al. 2010; Schlick-Steiner et al. 2010).
One of the many challenges in implementing algorith-
mic approaches is how to incorporate and reconcile
operational criteria, especially when they differ (but
see Padial & de la Riva 2010). Further, a recent discus-
sion in integrative taxonomy is whether congruence
among data types is required or whether ‘cumulation’
can be invoked, whereby any data type is sufficient for
delimiting species when considered in combination
with other types of data. In the extreme cases, the
former has been criticized for being too conservative

© 2011 Blackwell Publishing Ltd
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(i.e. identifying only old species) and thus underesti-
mating species diversity, while the latter has been criti-
cized for the opposite reason (Padial et al. 2010). We
view concordance among data types as sufficient but
not necessary for justifying species delimitation (see de
Queiroz 2007). We interpret ‘cumulative’ integration of
multiple data types as being more in agreement with
our goal of identifying the units suitable for phylo-
genetic analysis.

Phylogenetic species concepts (PSC) aim to identify
the smallest units suitable for phylogenetic analysis (El-
dredge & Cracraft 1980; Nelson & Platnick 1981; Cra-
craft 1983, 1989). Of the various incarnations of the
PSC, we generally favour the ‘diagnosable’ version of
Nixon & Wheeler (1990) because of its explicit criteria
for recognizing species, aiming to identify “...the small-
est aggregation of populations (sexual) or lineages
(asexual) diagnosable by a unique combination of char-
acter states in comparable individuals..” We also
favour Doyle’s (1995) method for identifying units of
phylogenetic analysis, by identifying ‘fields for recombi-
nation (FFR)’, whereby alleles at nuclear loci are shared
by heterozygous individuals suggesting inclusion in the
same allele pools. More specifically, it is the reverse of
this situation—lack of heterozygotes sharing sets of alle-
les—that suggests the presence of separate species for
phylogenetic analysis. Both of these approaches may
serve as operational criteria under a theoretical frame-
work of species as general lineages (reviewed in de
Queiroz 2007).

Evidence for species delimitation is summarized in
Fig. 6. The question naturally arises in integrative spe-
cies delimitation of what, if any, weights should apply

to certain data types. Here, we emphasize nuclear DNA
and morphological data, with plastid DNA playing a
secondary role. It is well documented that uniparentally
inherited organellar DNA often displays substantially
greater structure than nuclear DNA, morphology, eco-
logical niche, etc., by virtue of geography (see Avise
2000). Furthermore, the fourfold difference in N,
between nuclear and organellar DNA (in sexually
reproducing diploids) means that organellar DNA will
reach fixation of different combinations of variants or
reciprocal monophyly among populations faster than
nuclear DNA (Avise 2000; Hare 2001; Palumbi et al.
2001; Zink & Barrowclough 2008). For these reasons, we
are reluctant to place too much emphasis on organellar
DNA as the sole means of delimiting species.

Based on nonoverlapping patterns of floral size varia-
tion, C. striata s.s. and C. bentleyi + C. striata involuta
are distinct (Fig. 4a,b). A closer investigation of label-
lum morphology reveals that the primary difference
between C. bentleyi and C. striata involuta is in labellum
shape, specifically the relative positions of the callus
apex and the widest point of the labellum (Figs 4C,D
and 5). To the extent of our sampling, this represents a
fixed, diagnosable character state difference and identi-
fies C. bentleyi and the remaining C. striata as phyloge-
netic species. Freudenstein (1999) originally noted this
difference upon describing the recently discovered
C. bentleyi, but those observations were based on few
individuals from a single population in West Virginia,
USA. Here, we have demonstrated consistent label-
lum/callus differences among multiple populations of
C. bentleyi and C. striata involuta. Greenman (1898)
described C. involuta, which was later downgraded to a

(a) ptDNA nrDNA BPP Morphology

Geography

Fig. 6 (a). Schematic representation of
evidence for species delimitation in the
C. striata complex. Solid lines indicate

Phenology

complete exclusivity (or allopatry in the

- = — case of geography); dashed lines indi-

@ cate incomplete exclusivity but substan-
@ tial differences (or parapatry); no line

== indicates no evidence for differentiation.

(b). Summary of evidence supporting

ptDNA ptDNA
nrDNA nrDNA
Morphology Morphology
Geography* Geography
Phenology Phenology
BPP BPP

¥ X

delimitation of three species in the
C. striata complex. *Corallorhiza striata
involuta and C. striata vreelandii are nar-
rowly parapatric in Mexico; no popula-
tions were found to harbour both.

( Geography )
w Morphology
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variety within C. striata by Freudenstein (1997).
Although C. striata involuta does not display fixed floral
shape differences from C. striata s.s., nonoverlapping
floral size differentiates it from the latter (Fig. 4a,b).

A pertinent question that arises when considering
DNA sequence data under a phylogenetic species con-
cept is “what in fact constitutes a diagnosable charac-
ter?” Fig. 1 illustrates four main plastid clades; if
membership in one of these clades was to be considered
a useful character in identifying phylogenetic species,
then under one rather liberal interpretation, the C. stri-
ata complex would contain four species presently
described as C. bentleyi + C. striata involuta (both as a
single species), var. striata, var. vreelandii and Califor-
nian populations. However, for the reasons stated ear-
lier, we do not interpret this to be the case, specifically
with respect to each of the three clades of C. striata s.s.
representing separate species. However, C. striata invo-
luta is clearly not a variety of C. striata, in that it is vir-
tually genetically identical to C. bentleyi. Rather,
C. bentleyi and C. striata involuta together are highly
divergent from C. striata s.s., representing the basal-
most divergence in the C. striata complex (Fig. 1).

For all nuclear loci examined, C. bentleyi + C. striata
involuta were identical and furthermore distinct from
members of a highly variable C. striata s.s. (Appendix
S4, Supporting information). This finding corroborates
the pattern from ptDNA (Fig. 1) at the deepest level
within the C. striata complex, further bolstering support
for C. striata involuta as separate from C. striata s.s.
Applying a phylogenetic species concept in a multilocus
sense is not as straightforward as with organellar DNA,
although methods do exist (e.g. Davis & Nixon 1992;
Brower 1999). Obviously, C. bentleyi + C. striata involuta
are not in the same FFR (sensu Doyle 1995) as C. striata
s.s., because these two groups share no alleles. How-
ever, vars. vreelandii, striata and Californian accessions
share nuclear F3H and RPB2 alleles in the form of het-

erozygotes (Fig. 2); this is even the case for two indi-
viduals from a population in Oregon being
heterozygous for ITS variants unique to Californian and
more northern var. striata populations. Thus, a pattern
conducive to separate allele pools (sensu Doyle 1995),
identifying units suitable for phylogenetic analysis, was
not observed within C. striata s.s.

poFAD (Fig. 3), strucTURE (Table 1; Appendix S5, Sup-
porting information), amova (Table 2) and MIGRATE
(Appendices S3E and 6, Supporting information) analy-
ses, however, do suggest significant patterns of genetic
differentiation between the three entities of C. striata
s.s. Taken together with the pattern of morphological
and ptDNA variation, these entities closely fit Moritz’s
(1994) definition of ESUs: “’ESUs should be reciprocally
monophyletic for mtDNA (in animals) and show signifi-
cant divergence of allele frequencies at nuclear loci.”
We consider ESUs to be distinct, relevant units for con-
servation within a species. Thus, although these three
entities do not qualify as separate species occupying
exclusive FFR, their infraspecific nomenclature (each at
the level of variety) should reflect this distinctness and
align closely with their status as ESUs.

The lack of genetic variation between C. bentleyi and
C. striata involuta was surprising but is not necessarily
evidence of a single species (i.e. negative evidence, see
de Queiroz 2007). This pattern could either be attrib-
uted to the particular loci selected (i.e. assuming there
are other, more variable loci that will differentiate them)
or to the existence of truly genetically indistinguishable,
geographically disjunct sets of populations. It is not
presently possible to differentiate among these scenar-
ios; additional high variation loci will be needed to
address this issue in more detail.

Bayesian species delimitation using Brp sensu Yang &
Rannala (2010), in part, stems from their interpretation
of the BSC, incorporating incomplete lineage sorting:
“Here, we adopt the BSC, recognizing groups that have

Table 2 Analysis of molecular variance for C. striata s.s. nuclear intron and plastid loci, excluding C. bentleyi and C. striata var. in-

voluta

Locus b/w clades b/w loc w/in loc w/in ind O Dsr g DOcr Orr
F3H 49.54 13.70 2.45 34.31 0.07 n/a 0.27** 0.50** 0.66**
RPB2-5 49.27 11.02 5.50 34.21 0.14* n/a 0.22%* 0.49%* 0.66%*
RPB2-3’ 36.66 5.72 -2.71 60.33 -0.05 n/a 0.09** 0.37** 0.40**
Mean (nuclear) 45.17 10.21 1.68 42.93 0.04 n/a 0.19** 0.45%* 0.57%*
Plastid DNA 44.82 20.47 34.71 n/a n/a 0.65** 0.37** 0.45** n/a

The values of the first four columns are percent variation explained by each hierarchical level; ‘among clades’ refers to plastid clades
A-C (see Fig. 1). The last five columns are values of fixation index analogues (®), taking into account sequence similarity, and their

significance: *P < 0.05, **P < 0.0001. ‘b/w loc” = between sampling localities; ‘b/w clades” = between clades; ‘w/in loc’ = within

sampling localities; ‘w/in ind” = within individuals. ®-statistics: ‘Dis’ = among individuals within sampling localities, ‘@’ = among
sampling localities, ‘Dsc” = among sampling localities within clades, ‘1" = among clades and ‘“®;;’ = among individuals among

populations

© 2011 Blackwell Publishing Ltd
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experienced no recent gene flow as potential species
(although not requiring other evidence of reproductive
isolation).” PP identified four species, corresponding to
var. vreelandii, var. striata, Californian accessions and
C. bentleyi + C. striata involuta (as a single species). That
the latter were considered a single species was not a
surprise, given the lack of variation between them for
the loci sampled. The four species delimitated by sprp
correlate exactly with the major ptDNA clades from
Fig. 1. The fact that changing the guide tree topology
(i.e. relationships between entities within C. striata s.s.)
essentially had no effect on the delimitation results of
the Bpp analyses (see Leaché & Fujita 2010 for a discus-
sion of high posterior probabilities despite misspecified
guide trees) suggests the need for more informative loci
and definitive knowledge of the species tree in future
analyses.

Interpretations under different operational criteria (to
the extent of the data and analyses in this study)
appear to delimit species differently for the C. striata
complex. Specifically, delimitation of the three entities
within C. striata s.s. as separate species by Bpp but not
by the FFR method represents a direct conflict—the
opposite is the situation for C. bentleyi and C. striata
involuta under each, respectively. This situation is not
uncommon and can be accommodated under the theo-
retical framework of the general population lineage
concept, which posits that various operational criteria
may delimit species differently because they become
relevant at different times in lineage divergence
(reviewed in de Queiroz 2007). Presently, we favour
the delimitation of three species (C. bentleyi, C. involuta
and C. striata s.s.) under diagnosable PSC and FFR
operational criteria owing to the ability to utilize both
morphological and genetic evidence in a cumulative-
integrative manner. The fact that C. bentleyi and
C. striata involuta do vary morphologically suggests
that there may yet be nuclear DNA loci that differenti-
ate them, but this remains to be explored.

Other considerations for species delimitation in the
C. strinta complex concern geography, phenology and
reproductive mode. Corallorhiza bentleyi is a narrow
endemic (eastern USA), disjunct from all other members
of the complex; the latter largely occupy more northern
and western montane and sub-boreal/subalpine regions
(Canada, USA, Mexico; see Freudenstein 1997; Barrett &
Freudenstein 2009). Corallorhiza striata involuta, despite
a virtually identical genetic relationship (to our knowl-
edge) to C. bentleyi, occurs in montane regions of
Mexico. Corallorhiza striata vreelandii has a limited distri-
bution in Mexico but is only narrowly parapatric with
C. striata involuta there (and no populations of the two
contained individuals from both). Thus, the ancestor of
C. striata involuta and C. bentleyi likely had a wider

© 2011 Blackwell Publishing Ltd

distribution throughout eastern North America, thus
presently representing a very recent disjunction (see Bar-
rett & Freudenstein 2009). Very little genetic differentia-
tion would be expected for these two sets of populations.

Corallorhiza striata s.s. typically flowers from April-
June, while C. bentleyi and C. striata involuta flower
from July-August (Freudenstein 1997), representing
temporal, phenological separation (Barrett & Freuden-
stein 2009). This pattern is corroborated by deep genetic
divergence and morphological size differences. Further-
more, C. bentleyi and C. striata involuta appear to be lar-
gely dependent on self-pollination, based on our
morphological and ecological observations in the field,
including seed set for all flowers in a raceme, even
before flowers are fully opened; no recorded observa-
tions of pollinators for either; small, drab-coloured,
half-open flowers; some populations of C. bentleyi that
are completely cleistogamous (i.e. closed-flowered), thus
potentially precluding outcrossing. In contrast, ichne-
umonid wasp pollinators have been observed for all
members of C. striata s.s. in the field (Freudenstein
1997; personal observation). Furthermore, predominant
selfing in C. bentleyi + C. striata involuta likely purged
genetic diversity via rapid genetic drift relative to the
predominantly outcrossing C. striata s.s.

Based on extensive geographic sampling of ptDNA,
nrDNA and morphology, we draw evidence from mul-
tiple data sources that the C. striata complex is com-
posed of three species, including (i) a morphologically
and genetically variable, widespread C. striata s.s., (ii)
C. bentleyi, endemic to Virginia and West Virginia,
USA, and (ii) C. involuta, endemic to the mountains of
Mexico. The widespread C. striata s.s. is distinct from
both C. bentleyi and C. striata involuta based on ptDNA,
nrDNA and morphology. Although virtually identical
based on the genetic markers chosen in this study,
C. bentleyi and C. involuta display diagnosable label-
lum-callus shape differences in addition to being geo-
graphically isolated by thousands of kilometres.

Within C. striata s.s., we identified three ESUs
(sensu Moritz 1994), which are best recognized at the
level of variety, based on (i) significant floral size dif-
ferences, (ii) ptDNA exclusivity, (iii) nrDNA diver-
gence, (iv) parapatry and (v) little evidence of gene
flow. Sharing of nuclear alleles, specifically in the form
of heterozygotes (i.e. common allele pools), argues
against their recognition at the species level. Bayesian
species delimitation (operationally adopting an inter-
pretation of the BSC) identified four species: three
within C. striata s.s. and a fourth composed of C. bent-
leyi + C. striata involuta. However, more informative
data will be needed (including definitive knowledge of
the species tree) to more confidently apply these
methods. Regardless, each of the entities identified in
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this study should be treated as units for the purposes
of conservation of the orchids themselves and the hab-
itats in which they occur.
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