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Abstract—The Pyrola picta species complex (Pyroleae: Monotropoideae: Ericaceae) is thought to be composed of three morphological taxa
within a single species, Pyrola picta. All taxa typically inhabit mature coniferous or Fagaceous forests of North America west of the Rocky
Mountains from British Columbia to Baja California, Mexico between ca. 250 and 3,000 m in elevation. Taxa within P. picta are distinguished
from each other on the basis of leaf morphology and the degree to which they employ mycoheterotrophy rather than photosynthesis, but
considerable variation has been documented in both of these features, confounding diagnosis. For this study Pyrola picta, P. picta f. aphylla, and
P. picta ssp. dentata were collected from populations throughout their range in western North America and examined for genetic differences to
determine whether they indeed constitute a single polymorphic species or, alternatively, multiple distinct species. Multiple individuals per
population were described morphologically and then examined genetically using both amplified fragment length polymorphisms (AFLP) and
nucleotide polymorphisms of the nuclear ITS region. Phylogenetic analyses of ITS nucleotide sequence polymorphism using the parsimony
criterion in addition to maximum likelihood and Bayesian models provide concordant estimates for the monophyly of multiple taxa within
P. picta, suggesting that members of this species complex may actually represent multiple, reproductively isolated species. Statistical analyses of
AFLP support the hypothesis that members of the P. picta complex are genetically distinct taxa that exhibit considerable phenotypic overlap and
low levels of interspecific genetic admixture. With caveats, we propose that the current taxonomic description of members within the P. picta
species complex be reevaluated given the evidence for genetic distinction among its members.
Keywords—AFLP, cryptic species, Ericaceae, mycoheterotrophy, Pyrola picta.

plant-fungal relationships in light of coevolutionary hypotheses (Hynson et al. 2009), only a few studies have investigated the physiological differences between species that are
fully autotrophic and their obligately mycoheterotrophic sister species (Julou et al. 2005; Cameron et al. 2006; Hynson
et al. 2009). Recent analyses of carbon and nitrogen isotopes
in P. picta and P. aphylla show that the isotopic profiles of
these species are sufficiently different to classify them under
two different modes of metabolism (Hynson et al. 2009) that
may be maintained by genetic inheritance. Although modifications to the genome associated with the transition to obligate parasitism have been shown in several cases to be
convergent (i.e. holoparasitism, dePamphilis et al. 1997),
phylogenetic divergence at the species boundary associated
with a metabolic transition to obligate mycoheterotrophy or
holoparasitism has not been examined. Consequently, it is
not possible to determine whether variation in metabolic
strategies among Pyrola species is environmentally induced,
represents evolutionary adaptation, or is influenced by both.
The problems of phenotypic and metabolic variation in the
Pyrola picta species complex may be even more sophisticated
because, if there exists a heritable basis for morphological
and metabolic variation, taxa comprising the group are still
closely related (Freudenstein 1999). Although the accumulation of mutations in reproductively isolated groups may ultimately result in easily detectable, discrete, morphological
characters associated with genetic divergence, in many cases
the evolutionary processes leading to species divergence are
“leaky” or sufficient time has not yet elapsed for isolation to
be complete. In these cases, the only way to differentiate
between members of a species complex is through genetic
analyses that provide information about phylogeny and gene
flow between populations. Genetic analyses of species complexes, typically conducted at the population level, are often
used to study speciation mechanisms and the evolutionary
pressures responsible for reproductive isolation.

Mycoheterotrophy, in which a plant obtains carbon from a
fungal symbiont either wholly or as a supplement to photosynthesis, has been documented in several plant families
(Leake 1994). Within Ericaceae, mixotrophy (utilization of
both autotrophy and heterotrophy) is thought to be relatively
pervasive, but obligate mycoheterotrophy is restricted to
subfamily Monotropoideae. Obligate mycoheterotrophy in
Monotropoideae is, with a single exception, restricted to
tribes Monotropeae and Pterosporeae. In these tribes, the
relationship between plant parasite and fungal host is so
specialized that seeds belonging to these taxa cannot germinate unless nursed via the digestion of fungal hyphae
(pelotons) penetrating the root cortical tissue (Baskin and
Baskin 1998; Bruns and Read 2000; Bidartondo and Bruns
2005). Sister to these two tribes is Pyroleae, comprised of 38
autotrophic species (facultative myco-heterotrophs) in four
genera (Kron et al. 2002), with the exception of Pyrola aphylla,
which is the only known obligate myco-heterotroph taxon
within Pyroleae (Hynson et al. 2009). This taxon is thought
to be a member of the Pyrola picta species complex, originally
described by Smith (1814) as three distinct species inhabiting
western North America. However, high levels of variation in
leaf size, shape, and chlorophyll content among members
of this complex have confounded subsequent workers’
attempts to recognize Smith’s taxa (Holm 1898; Andres 1914;
Camp 1940; Copeland 1947; Krisa 1971; Haber 1987). Phenotypic
plasticity is difficult to study confidently in Monotropoideae
because fungal infection occurs early in plant development
and, given that infection, trophic level, and morphology are
strongly associated (Hynson et al. 2009), likely has an influence on adult morphology.
Although many experimental studies have focused on
taxonomic identification of the fungal symbionts involved
with mycoheterotrophic interactions (Kretzer et al. 2000;
Bidartondo and Bruns 2001, 2002; McKendrick et al. 2002;
Leake et al. 2004; Hynson and Bruns 2009) and evaluating
1

2

SYSTEMATIC BOTANY

Members of the P. picta species complex were originally
described by Smith (1814) solely on the basis of leaf morphology. Pyrola picta has petiolate leaves with expanded, widely
elliptic to obovate lamina that are green with white, reticulate venation patterns; P. dentata has petiolate leaves with
glaucous, oblanceolate lamina that are attenuate at the leaf
base and dentate along the margin; and P. aphylla has
apetiolate leaves that lack chlorophyll and have highly
reduced lamina. Observations of P. aphylla in its natural
habitat indicate that vegetative parts of this species, essentially shoots and leaf bases, typically contain little or no chlorophyll. Although leaf characteristics have been used to
distinguish between these species in the field, it is common
to observe individuals within each species exhibiting intermediate leaf character states (Jolles 2007). In a population of
P. picta some individuals may possess highly reduced, green
leaves with white mottling. Likewise, P. dentata may possess
leaves that are more elliptic than lanceolate with more distinct venation than one would expect and P. aphylla may
possess chlorophyll in the scale-like leaves that are close to
the surface of the soil. To the best of our knowledge, no
successful common garden or reciprocal transplant studies
have been performed to test for phenotypic plasticity,
corresponding to the observation that certain, possibly essential, aspects of their natural habitat (i.e. symbiotic interactions with microbial organisms) are difficult to control in a
greenhouse setting. Statistical analyses of several continuously varying morphological characters have been used to
refute the possibility that P. picta, P. dentata, and P. aphylla
possess discrete suites of character states, leading several
authors to propose that P. aphylla and P. dentata should be
considered varieties (Copeland 1947; Haber 1987) or forms
(Camp 1940) of P. picta rather than as distinct species.
For this study, we aimed to determine whether the original taxonomic descriptions of the P. picta species complex
have phylogenetic underpinnings and whether evolutionary pressures responsible for the transition to obligate
mycoheterotrophy in P. aphylla can be extrapolated from
phylogenetic analyses at the species boundary. Individuals
of each morphotype, based on Smith’s descriptions, were
collected from allopatric and sympatric populations across
the range of P. picta in western North America and subjected
to two genetic assays. Allelic profiles generated from amplified fragment length polymorphism (AFLP) were evaluated
using Bayesian model-based cluster analyses to determine
whether sets of alleles characterize each morphotype and
whether interspecific genetic admixture can be detected.
AFLP data were also used for phylogeny estimation by
mapping Nei’s genetic distances (Lynch and Milligan 1994)
between populations. Finally, nucleotide sequencing was
used as a second molecular assay to test whether groups
recovered by AFLP, falling somewhere between the levels of
population and species, are supported by a relatively coarse
molecular marker.

Materials and Methods

F1

Sampling—Populations were located on the basis of suitable habitat
both within and outside of previously described species ranges rather than
from specific locality information provided by herbarium collections. Leaf
and stem tissues, in addition to voucher specimens (Appendix 1), were
obtained from multiple individuals in 81 populations (Fig. 1) across the
western U. S. A. between 2005 and 2006. For each population, approximately 40 mg of tissue was sampled from at least five individuals of each
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morphotype present (i.e. P. picta forma picta, aphylla, or dentata). Six of the
populations were sympatric populations for which multiple individuals of
each morphotype were collected.
For analysis of AFLP, five individuals from each of 62 populations were
profiled, including 44 populations of the P. picta morphotype, seven
populations of the P. dentata morphotype, and eight populations of the
P. aphylla morphotype, and one population of P. chlorantha (Fig. 2). Sam- F2
pling for analysis by AFLP was restricted to a subset of populations,
excluding many sympatric populations for which material was available,
because of limited resources for conducting the AFLP procedure rather
than for reasons of experimental strategy.
A single exemplar from each of 62 populations was randomly chosen
for sequence analysis of ITS. In total, 39 individuals of the P. picta
morphotype, 13 individuals of the P. dentata morphotype, and 10 individuals of the P. aphylla morphotype were sequenced. Among the six sympatric populations sampled in this analysis (for ITS sequencing only), two
contained both P. picta and P. aphylla, two contained both P. picta and
P. dentata, and two contained both P. dentata and P. aphylla (Fig. 3).
F3
Based on empirical observations of rhizome lengths in Pyrola, individuals collected from all populations were spatially separated by greater
than two m to avoid sampling ramets along a shared rhizome. This strategy was adopted after preliminary excavations of several individuals to
observe whether ramets with expanded lamina were connected to ramets
with highly reduced lamina by rhizomes. An artifact of this strategy to
maximize distance between sampled individuals within a single population is that the spatial distance separating samples ranged from two m in
small populations to 25 m apart in larger population irrespective of population density. The P. aphylla morphotype does not produce extensive
rhizomes, so sampling strategy is not as much a concern with this entity.
At the time of collection, individual leaf and stem tissues were immediately stored in separate, re-sealable plastic bags containing silica gel at
ambient temperature. Populations were considered distinct from each
other if spatially separated by at least one km, representing a rough estimate of the foraging range attended by Bombus species (Osborne et al.
2008; Hagen et al. 2011) given that Pyrola species predominantly live in
shady forest habitat and probably experience most buzz-pollination from
visitors likely to deposit pollen loads locally (Knudsen and Olesen 1993).
For phylogenetic analyses, samples of Pyrola chlorantha, several additional North American species of Pyrola, species representing tribe Pyroleae
(i.e. Chimaphila maculata, C. umbellata, C. menziesii, Moneses uniflora, and
Orthilia secunda) and Enkianthus campanulata (Appendix 1) were obtained
either from field collections or from GenBank to polarize the ingroup.
Plant Identification—Variation in leaf morphology was characterized
for all individuals sampled and each exemplar voucher specimen from
each population. With slight modifications, Smith’s original criteria
(1814) for distinguishing among species were used to develop a working
hypothesis of group membership among collections, regardless of subsequent taxonomic circumscription. Pyrola picta included all individuals
with ovate, leathery leaves ranging from one to six cm long and 0.75 to
four cm wide with minutely dentate to smooth leaf margins and prominent, white veins. Pyrola dentata included individuals with ellipticoblong, glaucous leaves, dentate-smooth leaf margins, glaucous, and
lacking prominent white veins. Pyrola aphylla included individuals with
highly reduced, scale-like leaves (lacking a distinct petiole) with little-to-no
chlorophyll. These simplistic morphological categories reflecting previously accepted taxonomic groupings were used to evaluate subsequent
analyses of AFLP and nucleotide variation.
Molecular Assays—DNA’s were isolated from plant tissues of approximately five individuals per population within one month after collection
from the field using a CTAB protocol modified from Doyle and Doyle
(1987) followed by precipitation of undesirable proteins using phenol.
Extracts were stored at -20 C.
AFLP—Restriction and ligation of DNA samples were performed as
one step in 11 mL reaction volumes according to a protocol (Datwyler
and Weiblen 2006) modified from the AFLP plant mapping protocol (PE
Applied Biosystems, Foster City, California) using the following reagents:
1 mL EcoRI (5 mM) and 1 mL MseI adaptors (50 mM) from Integrated DNA
Technologies (IDT), Coralville, Iowa, 1.1 mL 10 T4 DNA ligase buffer with
ATP (Promega, Madison, Wisconsin), 1.1 mL NaCl (0.5M), 0.55 mL BSA
(1 mg/ml), 0.02 mL MseI (100 u/mL), 0.05 mL EcoRI (50 u/mL; New England
Biolabs, Ipswitch, Massachusetts), 0.05 mL T4 DNA ligase (20 u/mL; PE
Applied Biosystems), and 5.13 mL sterile, distilled water, and 1 mL DNA.
All reactions were incubated at room temperature overnight and reaction
products were visualized using a 1.5% agarose gel.
Preselective amplification reactions were carried out in 12 mL volumes
using 9 mL AFLP Core Mix (PE Applied Biosystems), 0.3 mL EcoRI primer
(10 mM; IDT; 50 GACTGCGTACCAATTC 30 ), 0.3 mL MseI primer (10 mM;
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Fig. 1. Map of P. picta (circle, crossed circle), P. aphylla (star) and P. dentata (diamond) populations in western North America used for this study.
Full species ranges (lower right corner) extend from northern coastal British Columbia to Baja California, Mexico, but the density of populations is
highest in the mid-range sampled for this study. Arrows indicate the locations of sympatric populations. From left to right are illustrations of P. aphylla,
P. dentata, and P. picta. Both P. picta and P. picta* are morphologically similar.

+

IDT; 50 GATGAGTCCTGAGTAA 30 ), and 2.4 mL dilute restriction/ligation
product. Polymerase chain reaction was performed using the following
settings: 72 C for 2 min, 21 cycles of 94 C for 30 sec, 56 C for 30 sec, 72 C
for 2 min, then 60 C for 6 min, and stored at 4 C. Reaction products were
visualized on a 1.5% agarose gel to check for successful amplification.
Selective amplifications were prepared in 6 mL volumes with 0.9 mL
dilute preselective amplification product, 0.3 mL EcoRI primer labeled
with flourescent FAM (10 mM; 50 GACTGCGTACCAATTGAGG 30 ;
MWG Biotech, High Point, North Carolina), 0.3 mL FAM-labeled MseI
primer (10 mM, 50 GATGAGTCCTGAACAA 30 ), and 4.5 mL AFLP Core
Mix. Thermocycler settings for a step-down reaction were as follows:
denaturation at 94 C for 2 min, anneal at 66 C for 30 sec, extension at
72 C for 2 min, followed by nine cycles of 94 C for 30 sec, annealing for
30 sec, 72 C for 2 min with a starting annealing temperature of 65 C,
decreasing by one degree for each of nine cycles to 56 C, followed by
20 cycles of 94 C for 30 sec, 56 C for 30 sec, 72 C for 2 min, and finally
60 C for 30 min. Reaction products were stored at 56 C.
Selective amplification products were diluted 1:4 with 1 TE buffer
then analyzed via capillary electrophoresis with a 3100 Genetic Analyzer
(PE Applied Biosystems). For every set of 15 samples, one sample was
chosen to test for consistency of AFLP profile results by running that
sample twice. Two mL of each sample were loaded into a 96-well plate
with 9.5 mL HiDi formamide (PE Applied Biosystems) and 0.4 mL in-lane
ROX size standard (MRK500, The Gel Company, San Francisco, California).
AFLP profiles were processed using GeneMapper software version 3.7
(PE Applied Biosystems) and fragment sizes were calculated based on

the best-fit line of a least-squares regression analysis of both the size
standard and experimental fragments. All electropherograms were analyzed using a standard set of criteria based on careful examination of the
background noise patterns in “blank” samples. The Basic peak detection
algorithm (GeneMapper v. 3.7 User Manual 2004) was parameterized to
save FAM-labeled alleles ranging in size from 50–500 base pairs with a
minimum peak height of 100 fluorescence units, maximum peak width
of 1.5 base pairs, and peak ratio (height/width) greater than 1.0. Alleles
that either did not meet these criteria or were not polymorphic across
samples were excluded from further analyses. If duplicate samples in
any set of allelic profiles were not consistent, then all of the samples for
that set were prepared again and rerun on the genetic analyzer. All
electropherograms were proofread visually before allelic profiles were
saved and exported.
AFLP DATA ANALYSIS—Allelic profiles were analyzed with AFLPSURV 1.0 (Vekemans 2002) to estimate genetic distances based on allele
frequencies among individuals and populations assuming genotypic
proportions expected under Hardy-Weinberg equilibrium. Allele frequencies were calculated from the set of profiles using the square root
method (Nei 1987). Permutation tests (n = 500) of Fst estimated from
allele frequencies were performed to test for genetic divergence among
populations. Nei’s genetic distances (Lynch and Milligan 1994) were
calculated with 1,000 bootstraps over all loci for confidence assessment.
Genetic distance matrices generated at the level of population were used
to generate unrooted phylogeny estimates with FITCH (PHYLIP v3.66;
Felsenstein 2005) using the Fitch-Margoliash method (Fitch and
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Fig. 2. A. Unrooted, neighbor-joining phenogram of uncorrected genetic distances for 62 populations of Pyrola species, P. picta (circle), P. picta* (crossed
circle), P. aphylla (star), and P. dentata (diamond) from western North America generated using FITCH and based on Nei’s genetic distances between
populations estimated in AFLP-SURV. Terminals connected by a dotted line indicate individuals sampled from a sympatric population. B. Genotype classes
(a-k) and the composition of clusters (K = 11) identified by STRUCTURE. Each cluster is numbered (1–11), species membership is indicated (circle, crossed
circle, star, diamond) when possible, and the percent contribution of each gene class to each cluster is indicated by the lengths of horizontal bars. K = 11 was
associated with the lowest mean probability of the data (STRUCTURE HARVESTER) when values of K from 1–62 were tested in replicate.
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Fig. 3. 75% majority-rule consensus tree showing phylogenetic estimation of topological relationships between P. picta (circle), P. picta* (crossed
circle), P. aphylla (star), P. dentata (diamond) and several outgroup taxa based on 1,000 replicates under the maximum likelihood criterion. Model
parameters were estimated in jModelTest and applied to both ML and BI analyses. Statistical support in the form of ML bootstrap and Bayesian posterior
probability, respectively, is shown given for clades supported by ML, BI, and parsimony. Dotted lines connecting terminals are used to indicate pairs of
taxa collected from sympatric populations.
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Margoliash 1967) with global optimization and randomized input of
operational taxonomic units. CONSENSE (PHYLIP v3.66; Felsenstein
2005) was used to calculate the majority rule (extended) summary topology with bootstrap support values.
Allelic profiles were imported to STRUCTURE 2.3.3 (Pritchard et al.
2000) as binary to test for genetic clustering and admixture among populations and species. We conducted 1,000,000 replicates with a burnin of
200,000 replicates for K = 1–62 using a model that allowed for population
admixture and repeated this test five times. Results were imported to
STRUCTURE HARVESTER (Earl and vonHoldt 2011) for ad hoc tests to
infer the value of K that best fit the data using the Evanno method
(Evanno et al. 2005) for determining the value of K that accommodates
each individual into one of K clusters. Cluster membership data generated in STRUCTURE for all individuals (n = 310) at the best value of K
were imported to Excel and sorted by majority rule assignment to one of
K clusters. There were no individuals that could not be assigned to one
group by the 50% majority rule criterion. The mean frequencies of each
gene class (i.e. cluster) contribution to individuals in each group were
calculated and the resulting groups of individual means were given identification numbers based on their gene class membership.
DNA SEQUENCE GENERATION—A single individual of each morphotype
per population was arbitrarily chosen for nucleotide sequence analysis
from among the samples profiled for AFLP. The nuclear internal transcribed spacer region (ITS2, the 5.8S ribosomal RNA gene, and ITS1) was
amplified using universal primers published by White et al. (1990). The
PCR was carried out in 50 mL volumes with the following ingredients:
27.25 mL deionized distilled water, 5 mL 10
PCR buffer (Invitrogen
Corporation, Carlsbad, California), 0.75 mL MgCl2 (50 mM), 5 mL DMSO
(5% by volume), 8 mL dNTPs (1.25 mM), 1.5 mL ITS1 primer (20 mM),
1.5 mL ITS4 primer (20 mM), 0.5 mL Taq DNA polymerase, and 0.5 mL genomic DNA. The PCR amplifications were performed using a T3 Thermocycler (Biometra, Goettingen, Germany) with the following program: 94 C
for 30 sec, 26 cycles of 94 C for 30 sec, 50 C for 15 sec, and 60 C for 4 min,
and finally 10 C for 5 min. Amplification products were stored at 4 C.
Amplification products were visualized electrophoretically and purified using a standard polyethylene glycol (PEG) precipitation protocol
(contact author for details). Cycle sequencing reactions were performed
in 5 mL volumes of 3.24 mL deionized distilled water, 0.1 mL DMSO, 0.5 mL
Big Dye Terminator version 3.1 with 0.5 mL Big Dye buffer (PE Applied
Biosystems), 0.16 mL primer (100 mM), and 0.5 mL PEG-purified template
DNA. Thermocycler settings were as follows: 94 C for 30 sec, 26 cycles of
94 C for 30 sec, 50 C for 15 sec, and 60 C for 4 min, and finally 10 C for
5 min. Cycle sequencing products were precipitated using a sodium
acetate procedure. Dried samples were resuspended in 17.5 mL HiDi
formamide (PE Applied Biosystems), and analyzed via capillary electrophoresis with a 3100 Genetic Analyzer (PE Applied Biosystems).
NUCLEOTIDE SEQUENCE ANALYSIS—Electropherograms were analyzed
with Sequencing Analysis software version 5.1.1 (PE Applied Biosystems)
under the default settings and exported to Sequencher (Gene Codes Corporation, Ann Arbor, Michigan) for editing and alignment. Reference
sequences from GenBank (Appendix 1) were compared to the experimental sequences to confirm generic identification. Two different strategies
were used to develop matrices from the ITS alignment (TreeBASE
submission 11788); in the first, gaps were excluded and in the second,
indels were incorporated using simple gap coding according to Simmons
and Ochoterena (2000). Sequences were initially aligned with ClustalW
version 2.0.10 (Larkin et al. 2007) and examined visually in MacClade
version 4.08 (Maddison and Maddison 1998) to identify possible differences in homology assessment before final alignment. Nucleotide
sequences are deposited in GenBank (Appendix 1).
Phylogeny estimation was performed using the criteria of parsimony (P)
(PAUP v 4.0b10; Swofford 2000), maximum likelihood (ML) (GARLI v 1.0;
Zwickl, 2006), and Bayesian (BI) posterior probabilities (MrBayes v 3.1.2;
Huelsenbeck and Ronquist 2001) for both the gap-excluded alignment and
with indels coded. Under the parsimony criterion, characters were
weighted equally and phylogeny estimates were generated using a
heuristic search with 1,000 jackknife replicates (“Jac” resampling) and
tree-bisection-reconnection. Maximum likelihood and BI model parameters were estimated from the data using both the Akaike information
criterion (AIC; Akaike 1974) and Bayesian information criterion (BIC;
Schwarz 1978) to rank likelihood ratio tests of 88 different models in
jModelTest (Posada 2008; Guindon and Gascuel 2003). Support for relationships among taxa under the ML model (using parameters obtained
from jModelTest) were evaluated with 1,000 bootstrap replicates and
reported at bootstrap probabilities (BP) for clades. Bayesian MCMC analyses were conducted using a fixed rate matrix prior (1.0000, 2.7543, 1.0000,
1.0000, 4.4322, 1.0000) and 1,000,000 MCMC generations sampled every
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1,000 generations. Support for clades recovered through Bayesian inference
are reported as posterior probabilies (PP). Phylogeny estimates for ML and
BI were summarized as majority-rule extended consensus trees in
CONSENSE (PHYLIP v3.66; Felsenstein 2005) so as to incorporate into the
phylogeny estimate any groups of taxa not contradicted by the 75% majority rule tree, but are recovered at lower frequency and contribute extra
resolution to the topology. In applying the extension of majority rule consensus, we are not interested in attaching false confidence to additional
resolution that is uncontradicted by the majority rule estimate. Rather, the
extension is a method for exploring whether or not subtle genetic structure
(e.g. topologically, but not statistically accommodated by association with
the majority rule topology) may is contained within the monophyletic
species supported in all analyses conducted.

Results
AFLP—Analyses of AFLPs recovered 297 polymorphic,
dominant alleles for the entire data set of 62 populations
(310 individuals) with a mean number of 72.3 alleles per
individual. Within-population levels of heterozygosity
ranged from 0.31  0.006–0.49  0.004 (data not shown).
Average within-population genetic diversity (0.37) exceeded
total among-population genetic diversity (0.36) by a small
margin, but permutation tests for genetic differentiation
among populations indicate that observed genetic distance
among actual populations is greater than observed among
random assemblages of individuals resampled from the data
set (p < 0.00001).
Reconstruction of relationships based on Nei’s genetic distances among populations produced an unrooted network
comprised of four, genetically distinct network-clusters
(N-clusters) corresponding to the morphotypes shown in
Fig. 1 of P. dentata, P. aphylla, and two clusters of P. picta
(Fig. 2A). The largest N-cluster contains most of the individuals of the P. picta morphotype, all of which exhibit little
genetic divergence, with the exception of three populations in
Idaho, Oregon, and northern California that are geographically distant from each other but have neighbors among the
more homogeneous subset of populations in the P. picta cluster. The smaller N-cluster of individuals exhibiting the P. picta
morphotype corresponds to the subset of individuals in cluster
7 estimated by Structure (Fig. 2B). These populations are set
apart by a crossed circle symbol (Ø) and will be called P. picta*
in the remaining text of this paper. Individuals in these clusters were collected from the Olympic Peninsula, Washington
and from Crater Lake, Oregon for this study (Fig. 1).
The sympatric population sampled for analysis of AFLP
contained individuals of both the P. picta (Py0008) and P. dentata
(Py0007) morphotypes, which clustered by morphotype rather
than geographic proximity (Fig. 2A). Within the P. dentata,
P. aphylla, and P. picta* N-clusters, most populations are separated from each other by relatively long branches compared
to the P. picta N-cluster. Within each N-cluster there is no
obvious pattern of strict isolation by distance with the exception of two sets of neighboring populations, Py0050A +
Py0049A (P. aphylla) and Py0044 + Py0043 (P. dentata).
Analysis of AFLP profiles for all individuals of each
morphotype using Structure resulted in clusters of individuals (ST-clusters) predominantly corresponding to one of
several gene classes (Fig. 2B). The smallest mean of log
likelihood estimates for the data were for K = 11 (mean lnL =
-11,000). ST-clusters 1, 2, 3, 4, and 5 (Fig. 2B) correspond to
individuals in populations of the P. picta morphotype, all of
which are recovered as a large N-cluster in Fig. 2A. The
P. picta ST-clusters exhibit the greatest admixture among
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themselves, receiving contributions from each other (gene
classes c, d, e, k, and f ) more than from ST-clusters clearly
associated with other species (gene classes j, h, g, and i). Most
of the populations containing individuals that were assigned
to two different clusters (i.e. populations with admixture) are
contained within P. picta ST-clusters 1, 3, and 5. These clusters
are defined by gene classes c (81%), e (81%), and f (83%),
respectively, and include individuals from many populations
across the geographic range sampled for this study. ST-cluster
2 (90% gene class d) is comprised of individuals from the
southern Rocky Mountain populations used in this study,
with the exception of one individual from southwestern
Colorado (Py0096) that was assigned to ST-cluster 5. Finally,
ST-cluster 4 (97% gene class k) contains only two individuals
from a population of P. picta (Py0027) in the Coeur D’Alene
National Forest of northern Idaho. The remaining three individuals from Py0027 were assigned to ST-cluster 5.
Pyrola dentata is represented by ST-cluster 6 (91% gene class j),
and contributes a small number of individuals to P. picta
ST-clusters 1 (n = 2), 5 (n = 2), and 11 (n = 1). ST-cluster 7 is
comprised of individuals from populations identified as
P. picta* in the distance phylogeny estimate (Fig. 2A), though
it shares two individuals from populations Py0003 and
Py0048 with ST-cluster 5 (n = 2), accounting for the contribution of gene class f (4%). A single individual from El Dorado
National Forest, California (Py0080) was also assigned to this
cluster, accounting for the contribution of gene class c (3%).
Although no P. aphylla individuals were assigned to ST-cluster
7, there is a 2% contribution from gene class g (ST-cluster 9).
Individuals resembling P. picta from a single population
(Py0002) in Mt. Skohomish Wilderness, Washington were
assigned exclusively to ST-cluster 8 (83% gene class a). The
exclusivity of this ST-cluster, contributed to in part by several
gene classes c (6%), b (4%), h (3%), f (2%), and g (1%), is
mirrored by the placement of this population in the network
phylogeny estimate. Pyrola aphylla individuals are assigned
to two ST-clusters, 9 and 10, corresponding exactly to the
upper and lower N-clusters of P. aphylla, respectively.
ST-cluster 9 is dominated by gene class g (84%), but also
contains gene classes f (6%) and i (5%), associated with
ST-clusters 5 (P. picta) and 10 (P. aphylla). Like ST-cluster
9, cluster 10 is largely comprised of gene classes i (81%),
g (13%), and f (2%), though in different proportions. Finally,
ST-cluster 11 (90% gene class b) is comprised of P. chlorantha
individuals from a single population (Py0012), in addition
to two P. picta individuals from populations assigned to
ST-clusters 3 and 5.
Nucleotide Sequences—Alignment of ITS nucleotide
sequences for 62 ingroup taxa and 19 outgroup taxa resulted
in a matrix of 655 characters for 81 taxa. The dataset included
78 parsimony-informative characters. The matrix incorporating simple gap coding included an additional 56 characters.
Log likelihood results evaluated under both the AIC and BIC
in jModelTest detected similar models of nucleotide evolution. Both AIC and BIC detected equal base frequencies, and
unequal substitution rates with gamma shape parameters of
0.488 and 0.492, respectively. The more complex model
(SYM; Zharkikh 1994) was chosen for ML analysis and BI.
All phylogenetic analyses (P, ML, and BI) support a monophyletic P. picta species complex and support the sister
relationship between P. chlorantha and the P. picta species
complex clade. In the ML analysis of the P. picta species
complex (Fig. 1), each of the clusters detected by network
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analysis of AFLP is supported as monophyletic, including
the cryptic P. picta*.
Relationships among taxa within the P. picta species complex vary subtly with both the inclusion of gaps as characters
and model of evolution. Analyses of the data set without gaps
coded resulted in the same topology regardless of evolutionary model, consistently describing monophyletic P. picta
(BP = 62, PP = 0.73), P. aphylla (BP = 88, PP = 1.0), P. dentata
(BP = 73, PP = 0.96), and P. picta* (BP = 87, PP = 1.0). The
P and BI hypotheses indicate a polytomy among taxa within
the monophyletic P. picta species complex (BP = 60, BI = 0.97).
Analyses of the data set including gaps under P, ML, and
BI indicate that P. dentata and P. picta* are sister to each other
(BP = 61, PP = 0.97) and that this group is part of a wellsupported polytomy (BP = 86, PP = 1.0) including the P. picta
clade (BP = 64, PP = 0.7) and the P. aphylla clade (BP = 75,
PP = 1.0). Phylogenetic analysis under the parsimony criterion (results not shown) resulted in a monophyletic P. picta
species complex (BP = 60) including P. picta (BP = 54),
P. aphylla (BP = 86), P. picta* (BP = 87), and P. dentata (BP =
79) with no resolution of among-species relationships.
Sympatric Species—Six populations that were analyzed for
nucleotide sequence variation contained two putative species
based on morphology and genetic variation. In all cases, each
of the two species within individual populations was more
closely related to its putative conspecifics in geographically
distant populations than it was to the individuals with which
it was closest to spatially (Fig. 3). Further, individuals from
sympatric populations do not occur on long branches or in
independent subclades, but occur as sister to allopatric
populations included in the phylogenetic analyses (Fig. 3).
Conflicting Signal—Comparison between the AFLP and
ITS phylogeny estimations (Figs. 2A, 3) indicates that several
populations assigned to P. picta by network analysis of AFLP
fingerprints have conflicting species membership under phylogenetic analysis of ITS sequences. Populations assigned to
P. picta by AFLP that differ in species membership when
analyzed by ITS include Py0014 and Py0045 (P. chlorantha),
Py0067 (P. aphylla), Py0039 (P. picta*), and Py0056 (P. dentata).
All of these populations contain individuals assigned to
P. picta ST-cluster 3 (Fig. 2B) in STRUCTURE analyses.
Discussion
Within populations of P. picta, P. dentata, or P. aphylla there
is a range of morphological leaf variation that makes it difficult to discriminate between putative species. For this study,
exemplars were vouchered for each putative species found at
each population, to account for the extremes of variation
observed, and deposited at The Ohio State University herbarium (OS). Leaves were collected from several individuals of
each putative species to use for genetic analysis. Although
the range of leaf variation observed within species at most
populations is not reported in this study, our vouchers and
records support the position that distinct phylogenetic species correspond loosely to differences in leaf morphology.
The discovery of P. picta*, a cryptic species that shares the
appearance of P. picta, was an unexpected outcome of phylogenetic analysis of the P. picta species complex and is one
of the first published reports of cryptic species in tribe
Pyroleae. There have been several detailed reports of hybridization based on morphology (Haber 1984, 1985, 1988) and
cryptic hybridization based on genetic analyses of population
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structure (Beatty et al. 2010), but identifying the possible
hybrid origins of cryptic species in the P. picta species
complex is beyond the scope of the present study.
Genetic Diversity—Genetic diversity estimates based on
AFLP indicate that within-population genetic diversity is
higher than among populations. Additionally, phylogeny estimation of Nei’s genetic distances based on these data indicate
that there are genetically distinct clusters corresponding to
Smith’s putative Pyrola species (Fig. 2A). The patterns of clustering revealed by STRUCTURE analyses (Fig. 2B), where
assignment of individuals to gene classes may split up the
spatial cohesiveness of a population, and network analysis of
Nei’s genetic distances (individuals constrained to cluster with
co-occurring individuals) allow us to consider the spread of
individual genotypes in light of their species membership. The
spread of gene class contribution under 15% to ST-clusters
in Fig. 2B shows that within P. picta (the most widespread of
the putative species considered for this study) there has
been ongoing gene flow within and among the majority of
populations sampled, such that genetic distances among
P. picta populations and individuals is dwarfed by that of the
other species regardless of geographic range size. Populations
most interior in the P. picta network cluster (Fig. 2A) are in
part assigned to ST-cluster 5 (Fig. 2B), although individuals
from these populations (Py0027, Py0039, and Py0060) are also
assigned to other P. picta ST-clusters.
The AFLP phylogeny estimate also shows that some species have relatively long branch lengths relative to the widespread P. picta (Fig. 2A), suggesting that dispersal among
populations of P. aphylla, P. dentata, and P. picta*, respectively, is less frequent. While it is likely that the low levels of
overall divergence in P. picta may be due to a relatively dense
sampling compared with the other species, the sampling for
P. aphylla, P. dentata, and P. picta* is truly a reflection of the
frequency at which populations occur within their ranges
(pers. obs.) and the STRUCTURE results presented here suggest that genetic divergence is offset by ongoing gene flow.
Pyrola aphylla and P. dentata have wide ranges and may be
locally abundant in rare cases, but populations do not occur
as densely across their ranges in comparison with P. picta.
Species Monophyly—When individuals are constrained by
the AFLP analysis to group with naturally co-occurring individuals of the same population (Fig. 2A), the populations
included in this study cluster according to the putative species proposed originally by Smith (1814). A single sympatric
population of P. picta (Py0008) and P. dentata (Py0007) was
included in the AFLP analyses. While no gene flow was
detected by phylogeny estimation, genetic assignment by
Structure indicates that Py0007 individuals are assigned to
ST-clusters 1 (P. picta) and 6 (P. dentata) while Py0008 is
assigned to ST-cluster 3 (P. picta). An additional cluster of
populations collected from two sets of locations in the Pacific
Northwest (Crater Lake, Oregon and Olympic Penninsula,
Washington) also form genetically distinct N-cluster (i.e.
P. picta*) but the morphological differences between members of this N-cluster and those of the P. picta N-cluster are
cryptic. This taxon is represented by ST-cluster 7, which is
typified by gene class h (87%) but also contains contributions
from P. picta (c and f) and P. aphylla (g) in low proportions.
With few exceptions, the arrangement of populations in
the network of Nei’s genetic distances (calculated from
AFLP) are mirrored in the phylogenetic analysis of ITS polymorphism (Fig. 3), supporting the species monophyly of
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P. picta, P. dentata, P. aphylla, respectively, and the cryptic
species, P. picta* that we have yet to describe. In the ITS
phylogeny, the P. picta species complex is supported as
monophyletic, as are the species P. aphylla, P. dentata, and
the cryptic P. picta*. The monophyly of P. picta is not strongly
supported despite adequate (i.e. widespread) sampling of
populations, but low nucleotide polymorphism within ITS
for the P. picta species complex overall (24 total transitions
and transversions) may account for the low bootstrap support and posterior probability estimate for this clade. The low
support for P. picta is complicated by two observations, one
based on sympatric species pairs and the other based on
conflicting placement of populations by ITS and AFLP. The
sympatric species sampled for this study are clearly more
closely related to members of their own species than they
are to their sympatric species partner. Coupled with the fact
that all other putative species are well supported statistically,
P. picta likely represents a phylogenetic species. In contrast,
conflict between ITS and AFLP in the placement of some
individuals (i.e. exemplars of populations) suggests a more
complex history of gene flow among species. Low levels of
gene flow among species have been detected by fingerprinting a dense set of individuals across a small geographic range
(Jolles and Hynson, in prep.) and are also shown here, at low
levels, by the STRUCTURE analysis. The pattern of conflict
between AFLP (derived from nuclear, chloroplast, and mitochondrial genomes) and ITS (derived from the nuclear
genome only) phylogeny estimates may be accounted for by
hybridization (i.e. signal from the chloroplast genome) and,
in turn, may account for the lack of support for the P. picta
clade (Fig. 3). The fact that the sympatric species pairs used
in this study, albeit exemplars, form monophyletic species as
opposed to being more closely related to a putative sister
species in the ITS phylogeny is far more compelling evidence
for species recognition than the fact that low levels of hybridization have been observed in sympatric populations, a process that has been observed among scores of currently
recognized flowering plant species.
Geographic Structure—Although fine-scale genetic analyses
like AFLP are known to be useful in assessing biogeographic
patterns (e.g. Chapela and Garbelotto 2004), clustering of
populations in the analyses performed for this study suggests
that each genotype within a species is widely distributed
(Fig. 2). For example, AFLP data from multiple populations of
P. aphylla from Douglas County, Oregon (Fig. 2A) exhibit both
isolation by distance in one case (Py0050A + Py0049A), and a
complete lack of isolation by distance in another (Py0050B).
These clustering pattern are supported by ST-clusters 9 and
10, which both have membership identical to the N-clusters
of P. aphylla. Lack of correspondence to an isolation-bydistance pattern may be due to a history of heterospecific
gene flow (e.g. contribution of gene class f to ST-cluster 9),
retention of ancestral polymorphisms, or a complex history of
dispersal within this species. Because members of the P. picta
species occur in small, rhizomatous populations (often
between 5–15 distinct individuals), it is a challenge to assess
genetic diversity at a level appropriate for robust statistical
analyses. Future work to incorporate more populations in
biogeographic analyses should clarify whether the pattern
observed here is truly due to a complex history of dispersal or
whether it is due to insufficient sampling of species ranges.
Morphological Variation—Until now, debate surrounding
whether members of the P. picta species complex should be
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recognized as three species sensu Smith (1814) or a single,
polymorphic species comprised of subspecies, varieties, and
forms (Camp 1940; Copeland 1947; Haber 1987) has emphasized lack of differentiation in foliar, floral, and inflorescence
morphology. Indeed, all species exhibit a range of foliar variation that has been documented (Haber 1987) but not studied
quantitatively. Robust morphometric analyses of floral variation in the context of phylogeny and geographic heterogeneity
have only been studied recently (Jolles unpubl. data) and indicate that variation in floral characters is both microscopic (i.e.
likely meaningful to pollinators even if not to the unassisted
human sense). Floral variation is structured phylogenetically
when analyzed hierarchically, accounting for the affect of distinct geographic provinces (within species ranges) on both
gene flow and patterns of natural selection. The results
presented in this paper provide a meaningful, phylogenetic
precedent for more detailed observation and analysis
concerning the maintenance of phenotypic polymorphism
among closely related species of Pyrola inhabiting large geographic ranges. Is it adaptively favorable to retain morphological variation? How is the retention of foliar polymorphism
related to mycoheterotrophic physiology, an aspect of the
P. picta species complex that has recently been quantified via
isotopic analyses by Hynson et al. (2009) and Hynson and
Bruns (2009)? These questions will undoubtedly be addressed
by future population genetic and ecological research, which
will provide a foundation for consideration of the evolution
of obligate mychoheterotrophy in P. aphylla and, in parasitic
taxa across angiosperms.
The discovery of the cryptic species, P. picta* within the
P. picta species complex of western North America suggests
that other species complexes within Pyrola, such as the more
widespread P. rotundifolia complex, may include cryptic species that have not yet been identified in phylogenetic analyses
of the genus due to insufficient sampling of species ranges
(Freudenstein 1999; Liu et al. 2010). Here we recommend that
three taxa, P. picta, P. dentata, and P. aphylla be recognized
as distinct, phylogenetic species with divergent, and largely
independent, evolutionary histories. The fourth taxon
presented in this paper, which we call P. picta* likely warrants species status, but requires further study of morphology
and a better knowledge of its geographic range limits.
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Appendix I. Voucher and locality information for specimens used in
this study are organized as follows for each species: DNA accession,
collection number, county, state, elevation, latitude, longitude, GenBank
accession number.
Pyrola picta: Py0020, DJ0046, Boundary, Idaho, 577 m, 48.9555,
-116.5454. Py0014, DJ0036, Pend Orielle, Washington, 1,430 m, 48.8116,
-117.1698. Py0015, DJ0039, Pend-Orielle, Washington, 1,470 m, 48.7925,

[Volume 37

-117.1007, JQ177167. Py0008, DJ0025, Whatcom, Washington, 693 m,
48.7287, -121.0560, EU097994. Py0018, DJ0044, Boundary, Idaho, 581 m,
48.6999, -116.4116, JQ177168. Py0009, DJ0026, Okanogan, Washington,
942 m, 48.5986, -120.5296, JQ177166. Py0006, DJ0021, Skagit, Washington,
469 m, 48.5209, -121.2621, JQ177164. Py0005, DJ0015, Clallam, Washington,
1,009 m, 47.9923, -123.4051, JQ177163. Py0027, DJ0058, Kootenai, Idaho,
1,073 m, 47.6194, -116.5298, JQ177169. Py0028, DJ0062, Kootenai, Idaho,
1,159 m, 47.5903, -116.5498. Py0035, DJ0073, Umatilla, Oregon, 1,474 m,
45.5977, -118.1296. Py0036, DJ0075, Union, Oregon, 1,684 m, 45.5526,
-118.1248, JQ177171. Py0032, DJ0070, Wallowa, Oregon, 1,711 m, 45.1696,
-117.0399, JQ177170. Py0031, DJ0069, Wallowa, Oregon, 1,327 m, 45.0882,
-116.8981, EU097992. Py0079, DJ0039, Linn, Oregon, 1,329 m, 44.3925,
-122.1401, JQ177202. Py0040, DJ0080, Linn, Oregon, 935 m, 44.3056,
-122.0119, EU097993. Py0042, DJ0082, Lane, Oregon, 894 m, 43.8839,
-122.0801, JQ177173. Py0045, DJ0086, Klamath, Oregon, 1628 m, 43.3486,
-122.0738. Py0051, DJ0100, Douglas, Oregon, 1,157 m, 43.1574, -122.5013,
JQ177179. Py0046, DJ0087, Douglas, Oregon, 1,675 m, 43.1453, -122.1248,
JQ177175. Py0053, DJ0104, Jackson, Oregon, 1,635 m, 42.4106, -122.2597,
JQ177182. Py0052, DJ0102, Jackson, Oregon, 1,565 m, 42.3568, -122.3757,
JQ177181. Py0395, DJ0395, Modoc, California, 2,312 m, 41.20062, -120.14952,
JQ177209. Py0058, DJ0109, Modoc, California, 2,147 m, 41.1949, -120.1203.
Py0060, DJ0112, Shasta, California, 1,207 m, 40.8274, -121.7013, JQ177187.
Py0063, DJ0117, Shasta, California, 1,665 m, 40.5949, -121.5378, JQ177190.
Py0064, DJ0118, Lassen, California, 1,848 m, 40.5558, -121.5344, JQ177191.
Py0065, DJ0121, Tehama, California, 1,834 m, 40.3813, -121.5257, JQ177192.
Py0066, DJ0122, Plumas, California, 1,538 m, 40.2629, -121.3385, EU097997.
Py0071, DJ0130, Plumas, California, 1,288 m, 39.8717, -120.8553, JQ177196.
Py0072, DJ0131, Plumas, California, 1,576 m, 39.7441, -120.9665, JQ177197.
Py0074, DJ0135, Sierra, California, 1,999 m, 39.6180, -120.5124, JQ177198.
Py0075, DJ0136, Sierra, California, 1,957 m, 39.4960, -120.2853, JQ177200.
Py0076, DJ0137, Placer, California, 1,896 m, 39.3116, -120.2140, JQ177201.
Py0383, DJ0383, Placer, California, 1,840 m, 39.2787, -120.2090, JQ177205.
Py0390, DJ0390, El Dorado, California, 1,670 m, 38.8315, -120.3575, JQ177207.
Py0079, DJ0140, Amador, California, 2,411 m, 38.7026, -120.0681, JQ177202.
Py0080, DJ0140A, Amador, California, 1,783 m, 38.5368, -120.2528, JQ177203.
Py0096, DJ0172, Rio Grande, Colorado, 3,079 m, 37.4762, -106.6649, EU097990.
Py0083, DJ0147, Washington, Utah, 2,164 m, 37.3654, -113.4486, EU097998.
Py0091, DJ0163, Taos, NM, 2,597 m, 36.1536, -105.5814, EU097988.
Pyrola dentata: Py0007, DJ0022, Whatcom, Washington, 454 m,
48.7208, -121.1458, JQ177165. Py0044, DJ0084, Klamath, Oregon, 1,613 m,
43.4037, -121.9714, JQ177174. Py0055, DJ0106, Modoc, California, 1,779 m,
41.5509, -120.2531, EU097973. Py0056, DJ0107, Modoc, California, 1,813 m,
41.5221, -120.2531, JQ177183. Py0398, DJ0398, Siskiyou, California, 1,444,
41.4690, -121.4657, JQ177211. Py0391, DJ0391, Modoc, California, 41.2779,
-120.2910, JQ177208. Py0057, DJ0108, Modoc, California, 1,858 m, 41.2582,
-120.1378, JQ177184. Py0059, DJ0110, Lassen, California, 1,616 m, 41.0902,
-120.7708, JQ177185. Py0061, DJ0113, Shasta, California, 1,261 m, 40.8172,
-121.6924, JQ177188. Py0062A, DJ0114A, Shasta, California, 40.7543,
-121.5004, EU097966. Py0068, DJ0124, Plumas, California, 1,485 m,
40.2023, -121.0525, JQ177194. Py0382, DJ0382, Placer, California, 1,840,
39.2787, -120.2090, JQ177204. Py0078, DJ0139, Placer, California, 2,074 m,
38.9341, -120.0881, EU097974. Py0389, DJ0389, El Dorado, California,
1,670, 38.8316, -120.3591, JQ177206.
Pyrola aphylla: Py0074A, DJ0134A, Sierra, California, 1,221 m, 39.5666,
-120.6647, JQ177199. Py0002, DJ0008, Mason, Washington, 716 m, 47.5101,
-123.2331, JQ177161. Py0050A, DJ0096, Douglas, Oregon, 1,142 m,
43.2328, -122.4884, JQ177177. Py0050B, DJ0099, Douglas, Oregon, 1,252 m,
43.1650, -122.5013, JQ177178. Py0051A, DJ0101, Jackson, Oregon,
594 m, 42.8322, -122.8533, JQ177180. Py00397, DJ0397, Siskiyou, California,
1,444, 41.4690, -121.4657, JQ177210. Py0059A, DJ0111, Shasta, California,
917 m, 41.0125, -121.6548, JQ177186. Py0061A, DJ0113a, Shasta, California,
1,261 m, 40.8172, -121.6924, JQ177189. Py0067, DJ0123, Plumas, California,
1,390 m, 40.1935, -121.1125, JQ177193. Py0069B, DJ0127, Plumas,
California, 1,312 m, 40.0445, -120.9541, JQ177195. Py0074A, DJ0134A,
Sierra, California, 1,221 m, 39.5666, -120.6647, JQ177199.
Pyrola picta*: Py0048, DJ0089, Klamath, Oregon, 2,044 m, 42.9125,
-122.0734, EU097977. Py0047, DJ0088, Douglas, Oregon, 1,677 m, 43.0980,
-122.2275, JQ177176. Py0039, DJ0079, Linn, Oregon, 1,329 m, 44.3925,
-122.1401, JQ177172. Py0004, DJ0014, Clallam, Washington, 993 m,
48.0748, -124.0918, JQ177162. Py0003, DJ0010, Clallam, Washington, 678 m,
48.0924, -124.0801, EU097976.
Outgroups: Pyrola chlorantha, AF133742. P. asarifolia, AF133736.
P. elliptica, AF133739, AF133740. P. americana, AF133737. P. angustifolia,
AF133738. P. minor, AF133744, AF133745. Orthilia secunda, AF133746,
AF133747. Chimaphila maculata, AF133751. C. menziesii, AF133748.
C. umbellata, AF133749. Moneses uniflora, AF133750. Enkianthus campanulata,
AF133752.

