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a b s t r a c t

The North American carnivorous pitcher plant genus Sarracenia (Sarraceniaceae) is a relatively young
clade (<3 million years ago) displaying a wide range of morphological diversity in complex trapping
structures. This recently radiated group is a promising system to examine the structural evolution and
diversification of carnivorous plants; however, little is known regarding evolutionary relationships with-
in the genus. Previous attempts at resolving the phylogeny have been unsuccessful, most likely due to
few parsimony-informative sites compounded by incomplete lineage sorting. Here, we applied a target
enrichment approach using multiple accessions to assess the relationships of Sarracenia species. This
resulted in 199 nuclear genes from 75 accessions covering the putative 8–11 species and 8 subspecies/va-
rieties. In addition, we recovered 42 kb of plastome sequence from each accession to estimate a cpDNA-
derived phylogeny. Unsurprisingly, the cpDNA had few parsimony-informative sites (0.5%) and provided
little information on species relationships. In contrast, use of the targeted nuclear loci in concatenation
and coalescent frameworks elucidated many relationships within Sarracenia even with high heterogene-
ity among gene trees. Results were largely consistent for both concatenation and coalescent approaches.
The only major disagreement was with the placement of the purpurea complex. Moreover, results suggest
an Appalachian massif biogeographic origin of the genus. Overall, this study highlights the utility of target
enrichment using multiple accessions to resolve relationships in recently radiated taxa.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

The evolution of carnivory in angiosperms has long fascinated
evolutionary biologists, with the most notable being Charles
Darwin (1875). This interest partially stems from the complex
trapping structures used in attraction, retention, and digestion of
prey and subsequent absorption of nutrients (Albert et al., 1992;
Juniper et al., 1989). These carnivorous adaptations to nutrient
poor habitats have independently evolved six times in flowering
plants, resulting in approximately 645 species, which often display
tremendous morphological diversity at both the infrafamilial and
infrageneric level (Albert et al., 1992; Ellison and Gotelli, 2009).
Insight into the patterns of structural evolution and diversification
across these groups requires an explicit understanding of their evo-
lutionary relationships. Phylogenies currently exist for many car-
nivorous genera including Utricularia (bladderworts, Jobson et al.,
2003; Müller and Borsch, 2005), Drosera (sundews, Rivadavia
et al., 2003), and Nepenthes (Old World pitcher plants, Meimberg
et al., 2001), yet the evolutionary relationships of one of the more
well-studied genera, Sarracenia (New World pitcher plants),
remain largely ambiguous.

Sarracenia is the most recently diverged group of the three
extant genera within the family Sarraceniaceae (Ellison et al.,
2012; Neyland and Merchant, 2006). All species within Sarraceni-
aceae are carnivorous with no geographical overlap among genera.
The basal monotypic lineage, Darlingtonia californica, is restricted
to serpentine seeps in Oregon and California, while the estimated
15 Heliamphora species are confined to the Guiana Highlands
tepuis in South America (McPherson, 2007). Sarracenia is endemic
to seepage slopes, wet pine savannas, and fens of North America,
predominately the southeastern United States Coastal Plain with
one subspecies, purpurea ssp. purpurea, extending into the
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northeastern United States and southern Canada. Unfortunately
these habitats are being destroyed and estimates suggest less than
3% of historic Sarracenia habitat remains (Folkerts, 1982; Folkerts
and Folkerts, 1993). This continued habitat loss has resulted in
the U.S. Fish and Wildlife and Convention on International Trade
in Endangered Species (CITES) listing of three endangered taxa
within Sarracenia and one taxa considered a candidate for listing
(www.cites.org). Complicating protection status of other members
of this genus is the disagreement among sources in the number of
recognized species, subspecies, and varieties with numbers rang-
ing between 8–11 species and as many as 41 subspecies, varieties,
and forms (Ellison et al., 2014).

Previous attempts at constructing a phylogeny for Sarracenia
from nuclear (Ellison et al., 2012; Neyland and Merchant, 2006),
chloroplast (Bayer et al., 1996; Ellison et al., 2012), and mitochon-
drial regions (Ellison et al., 2012) have been inconsistent, typically
with numerous polytomies within the genus. In addition, the
relatively short branch lengths dated at roughly 0.5–3 million
years ago (mya) (Ellison et al., 2012) indicate that this group may
have undergone a recent, rapid diversification. Further complicat-
ing phylogenetic resolution is frequent hybridization among sym-
patric species (Furches et al., 2013; Mellichamp and Case, 2009).
Both short branches and hybridization can have dramatic effects
on species tree estimation. In particular, a recent radiation increas-
es the chance that genes retain ancestral polymorphisms, resulting
in incomplete lineage sorting (Pamilo and Nei, 1988); additionally,
hybridization can lead to reticulation within gene trees (Hennig,
1966). Using multilocus data and modeling differences in gene his-
tory with use of the multispecies coalescent model can mitigate
these potential sources of gene tree discordance within the species
tree (Degnan and Rosenberg, 2009; Knowles, 2009; Liu et al.,
2009). Increasing loci is expected to produce more accurate model
parameters and therefore increase nodal support values in phylo-
genetic analyses (Maddison, 1997; Song et al., 2012), and use of
multispecies coalescence has repeatedly outperformed concatena-
tion methods under simulated and empirical data (Kubatko and
Degnan, 2007; McCormack et al., 2012; Song et al., 2012). Including
multiple accessions per species can also decrease the variance
around the effective population size parameter within the coales-
cent framework (Heled and Drummond, 2010).

To further our understanding of evolutionary relationships of
Sarracenia we conducted target enrichment of nuclear genes from
multiple accessions per species sequenced on an Illumina HiSeq
platform. Target enrichment involves the use of oligonucleotide
probes that retain selected genomic regions for sequencing while
reducing non-selected DNA (Mamanova et al., 2010). Target
enrichment is highly applicable for phylogenetics as it works well
for non-model organisms, is cost-efficient, and allows for an
increase in the number of species and individuals for phylogenetic
analysis (Faircloth et al., 2012a; Lemmon and Lemmon, 2013).
Here, we (1) assessed the utility of this method for a recently radi-
ated, non-model genus, (2) compared the multispecies coalescent
approach with a concatenation approach, and (3) determined the
evolutionary relationships within Sarracenia. The resolved species
level phylogeny is then discussed in regard to the current tax-
onomy, biogeography, and conservation status of this group. Taken
together, this multilocus and multiaccessional approach represents
the most robust attempt to resolve the Sarracenia phylogeny to
date and has implications for other recently radiated groups.

2. Material and methods

2.1. Taxon sampling

The majority of leaf tissue was sampled from the Atlanta
Botanical Garden, which maintains an extensive living collection
of Sarracenia species from various localities for conservation and
as a reference for the North American Plant Collections Consor-
tium. The remaining samples were collected from plant stocks
maintained at the University of Georgia Plant Biology greenhouse
and field collections. Current estimates list between 8 to 11 species
with many varieties and subspecies being designated to the species
level based on differing taxonomic schemes (Ellison et al., 2014).
We sampled 71 Sarracenia accessions covering putative species,
varieties, and subspecies. These include the eleven species recog-
nized by Mellichamp and Case (2009) (alabamensis, alata, flava,
jonesii, leucophylla, minor, oreophila, psittacina, purpurea, rosea,
rubra) with 1–8 localities spanning the southeastern range of each
species (see Table A.1) and additional samples from Maryland,
Nova Scotia, and Wisconsin for purpurea ssp. purpurea. The 71
accessions also include three subspecies/varieties from the pur-
purea complex (ssp. purpurea, ssp. venosa, ssp. venosa var. mon-
tana), two subspecies from the rubra complex (ssp. gulfensis, ssp.
wherryi), one minor variety (var. okefenokeensis), and two flava vari-
eties (var. rugelii, var. rubricorpora). These putative subspecies and
varieties are based on a combination of taxonomic descriptions
between Mellichamp and Case (2009) and McPherson and
Schnell (2011). Taxonomic descriptions have frequently designated
alabamensis and jonesii as subspecies within the rubra complex and
rosea as purpurea ssp. venosa var. burkii. Three Darlingtonia califor-
nica and one Heliamphora minor (both within Sarraceniaceae) were
used as outgroups for the genus. This coverage of varieties, sub-
species, and range distribution of putative species allows for a
comprehensive analysis of this genus. Voucher specimens were
deposited in either the University of Georgia Herbarium (UGA) or
the Texas A&M Herbarium (TAES) (Table A.1).

2.2. Probe design

Targets for enrichment were initially identified by aligning Sar-
racenia psittacina and S. purpurea transcriptomes (Srivastava et al.,
2011). All repeat-like regions were masked using RepeatMasker
(http://www.repeatmasker.org/) prior to probe design. Targets
with promising single nucleotide polymorphisms for phylogenetic
analyses and at least two independent reads from each species
were selected for further processing (�1000 contigs). Because par-
alogous sequences are not ideal for phylogenetic inference due to
their independent evolutionary histories, potential targets were
screened for paralogous signals using two methods. First, a with-
in-species BLAST (Altschul et al., 1997) search of possible par-
alogous sequences was conducted with a stringent e-value cut
off of <3 � 10�20. A reciprocal best BLAST(blastn) hit approach
was then used on the subsequent targets to determine orthologous
sequences between the two species. Targets that did not meet the
cut off criterion were discarded from the potential target database;
this resulted in 646 genes for target sequencing. Previous work
suggests that Sarracenia may be a partial polyploid (Srivastava
et al., 2011); however, we are confident that our stringent screen-
ing of paralogs prior to probe design and additional downstream
removal of duplicates adequately addresses this possible source
of conflict. Approximately three 120-mer oligonucleotide probes
were designed for each gene per the manufacturer’s probe design
specifications. These probes were commercially synthesized by
Mycroarray� into a custom MYbaits kit (http://www.mycroar-
ray.com; Ann Arbor, MI).

2.3. DNA extraction, library preparation, sequencing

All leaves (i.e. pitchers) were cut near the base of the plant,
sliced open, and cleaned of any insect residue, algae, soil, and other
particulates. Areas of the leaf that were senescing, discolored, or
greatly impacted from decomposing insect prey were removed
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and discarded. The subsequent leaves were ground to powder
using liquid nitrogen. Initially DNA extractions were conducted
using ‘option Y’ from Peterson et al. (2000), but we were unable
to extract high-quality DNA from older Sarracenia tissue and out-
groups. Therefore, the majority of extractions were performed fol-
lowing the methods described in Lodhi et al. (1994) with slight
modifications. Specifically, we replaced the 5 M sodium chloride
solution with 3 M sodium acetate, and used two consecutive
2 mL treatments with 24 parts chloroform to 1 part octanol instead
of a single 6 mL purification. We also used 1 volume cold iso-pro-
panol in the final spin at 13,000 rpm to precipitate DNA. All DNA
extractions were assessed for concentration and purity using a
NanoDrop 2000 (Thermo Scientific, Wilmington, DE, USA). Samples
were then sheared to approximately 180–500 bp lengths on a Bior-
upter Standard (Diagenode Cat No. UCD-200, Woburn, MA). Library
construction was completed using a protocol developed by Glenn
et al. (submitted for publication). This protocol consists of remov-
ing overhangs created from shearing, phosphorylating the 50 ends
and adding a single adenosine to the 30 end, ligating unique Illumi-
na adapters with custom 10nt indexes to DNA fragments, and final-
ly amplification of ligated DNA fragments with universal p5 and p7
primers (Faircloth and Glenn, 2012) to create uniquely indexed
Illumina TruSeqHT compatible libraries. Samples with similar
NanoDrop readings were combined at equal ratios resulting in
two or three indexed individuals per tube. The MYbaits protocol
was followed per manufacturer’s instructions. To reduce daisy
chaining during the hybridization, a blocking oligonucleotide with
10 inosines at the index location was used (c.f., Faircloth et al.,
2012b). After target enrichment the subsequent libraries were
sequenced on an Illumina HiSeq PE100 arranged by the Georgia
Genomic Facility. All raw reads were deposited in NCBI Short Read
Archive (accession numbers listed in Table A.1).

2.4. Assembly and alignment

All demultiplexed pooled reads were assessed for quality using
FastQC v0.10.1 (http://www.bioinformatics.babraham.ac.uk/).
Sequence reads were trimmed at the 30 end with a Phred score of
<20 to a minimum length of 40 bp using FastX v 0.013.2 (http://
hannonlab.cshl.edu/fastx_toolkit/). Finally, all Illumina adapter
contaminants were removed via FAR v2.15.

We used a combination of two approaches for target enrich-
ment assembly similar to Heyduk et al. (in press). First, a de novo
assembly method was conducted using Trinity version r2013-02-
25 (Grabherr et al., 2011). The Trinity assembler was designed
for RNA-seq, therefore Trinity tends to make multiple isoforms
within contigs to take into account alternative splicing. To remove
poorly supported isoforms (<1% per-component read support) the
Trinity output file was parsed using RSEM in Bowtie 1.1.0 as
described in the Trinity manual (Langmead et al., 2009). The sec-
ond approach was a reference method, whereby the targeted genes
used for probe design were used by the Columbus extension mod-
ule (Zerbino, 2010) in VELVET to aid in assembly of reads. For each
library, the k-mer length was optimized via KmerGenie (Chikhi and
Medvedev, 2013) and then assembled with VELVET v 1.2.08
(Zerbino and Birney, 2008).

Contigs from both assembly methods that had at least 95% iden-
tity over 20 bp were merged using CAP3 v10/2011 (Huang and
Madan, 1999). The resulting contigs were matched against the
gene targets used for probe designs using BLAST (Altschul et al.,
1997) and extracted for use via two steps. First, contigs were
extracted if they had a 1:1 hit with the gene target. Second, a sepa-
rate BLAST output containing instances where two contigs from an
accession had best hits to the same target was created. If the two
hits were non-overlapping (possibly due to intron regions) they
were extracted and concatenated. The extracted contigs from each
BLAST output were merged, renamed according to gene target,
parsed into gene files, and aligned via Prank v100802 (Löytynoja
and Goldman, 2008). The subsequent aligned gene files were fil-
tered to remove poorly aligned regions using Gblocks v0.91b
(Castresana, 2000). Finally, pairwise distances were calculated for
each gene file. Alignments with an average pairwise distance of
less than 0.35, at least 50% of the accessions present, showing no
more than 45% missing data, and with at least one outgroup were
used for subsequent downstream analyses.

2.5. Species tree analysis

Prior to species tree estimation, five genes were randomly
selected to determine the model of evolution in JModelTest 2.1.1
using AIC (Darriba et al., 2012). All five genes had the same best-fit-
ting model (GTRGAMMA) which was used for the whole dataset
and implemented in RAxML v04/26/2012 (Stamatakis, 2006) for
gene tree estimation using 500 bootstraps. These gene trees were
then used as input data for species tree estimation. Species tree
estimations were conducted using the Maximum Pseudolikelihood
Estimation of the Species Tree v1.4 (MP-EST) method (Liu et al.,
2010). MP-EST accounts for gene tree discordance resulting from
incomplete lineage sorting and implements the triplet algorithm
across gene trees to estimate the species tree topology. We used
two approaches for phylogenetic analysis in MP-EST: one in which
accessions were grouped into putative taxonomic designations by
Mellichamp and Case (2009) and McPherson and Schnell (2011)
and a second approach that treats all accessions as terminal taxa.
The latter method was used to examine whether accessions exhib-
ited reciprocal monophyly within their taxonomic groupings.

To test hypotheses of hybrid species within the genus, we used
the Species Tree Estimation using Maximum Likelihood with
hybridization (STEM-hy) method (Kubatko, 2009). This method
uses a model-selection framework to evaluate hypotheses of
hybridization in the presence of incomplete lineage sorting
(Kubatko, 2009). STEM-hy requires estimates of theta (h) and rate
multipliers (ri). Theta (h) was estimated and averaged from five
gene trees using MIGRATE-n version 3.6.4 (Beerli, 2009), which
estimates population parameters using maximum likelihood esti-
mation under a coalescent framework (Beerli and Felsenstein,
2001). Estimation of rate multiplier (ri) values for each gene tree
were calculated as the average divergence from the outgroups
(Yang, 2002). The MP-EST species tree was used as the input
species tree for STEM-hy. Tests of possible hybrid species were
conducted on taxa that showed incongruence between the con-
catenated tree and MP-EST tree.

To assess discordance among genes, custom Perl scripts were
used to query the presence and support values of nodes in consen-
sus gene trees produced in RAxML. Five nodes of particular interest
were queried based on conflict seen between the MP-EST accession
tree estimation and the concatenation (see below) methodology.
Nodes labeled in Fig. 2 were checked in all gene trees against either
the MP-EST tree (nodes A and B) or the concatenated tree (nodes C,
D, and E). Gene trees were classified as follows: a gene tree which
had the node present with bootstrap support >80 ‘‘strongly
agreed’’; trees with support on the queried node between 50 and
80 ‘‘weakly agreed’’; trees with support between 20 and 50 ‘‘weak-
ly conflicted’’; and trees with bootstrap support of less than 20
‘‘strongly conflicted.’’

2.6. Concatenation analysis of nDNA and cpDNA

To compare with the coalescent analysis, we concatenated all
199 nuclear genes into a ‘supergene’ of 128,110 bp. This concate-
nated dataset was used to estimate an accession tree in RAxML
with 1000 bootstraps. In addition to the targeted nuclear genes,
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an average of 178,748 trimmed reads mapped back to a reference
Vitis vinifera plastid genome (Jansen et al., 2006) using Bowtie2
v2.2.1 (Langmead and Salzberg, 2012). Vitis vinifera plastid genome
was used as the reference due to high sequence similarity between
Vitis and S. psittacina/purpurea found in Srivastava et al. (2011);
furthermore, the placement of the Ericales is contested (Soltis
and Soltis, 2004), though high sequence similarity between Vitis
and Sarracenia species indicates it may be closer to rosids than
asterids. These mapped reads were extracted from the trimmed
reads for each accession using SAMtools (Li et al., 2009). Assembly
of the chloroplast reads was conducted in the reference-based
assembler YASRA (Ratan, 2009) with the Vitis vinifera plastid gen-
ome as a reference. Contigs were then BLASTed back to the refer-
ence, corrected for strandedness, and finally concatenated for
each accession. The resulting concatenated sequence for each
accession was aligned with the reference using MAFFT v7.029-e
(Katoh and Standley, 2013) and poorly aligned regions were fil-
tered using default setting with Gblocks v0.91b (Castresana,
2000) followed by visual inspection in Geneious v7.0.6 (http://
www.geneious.com/). An accession chloroplast tree was estimated
in RAxML v04/26/2012 (Stamatakis, 2006) under a GTRGAMMA
model with 1000 bootstraps.
3. Results

3.1. Assembly and gene trees

Each accession had roughly 3.5 million trimmed reads which
resulted in an average of 7124 contigs after Trinity assembly and
67,894 contigs from the Velvet assembly (Table A.1). These assem-
blies were subsequently merged into an average of 5608 contigs
per accession with 546 contigs matching the 646 gene targets.
The contigs on target had an average N50 of 503 bp with
approximately 11� coverage.

In total 199 genes were used for subsequent phylogenetic ana-
lyses after poor alignments, genes with >50% missing data, and
those missing an outgroup were discarded. Sixty-three (32%) of
the 199 gene trees had all putative ingroup species represented,
while 76 (38%) gene trees had one missing species, 44 (22%) had
two missing species, 14 (7%) had three missing species, and 2
(1%) had four missing species. Among the 199 genes, an average
of 56 accessions were present with a length of 642 bp per gene.
This totaled 128,110 bp used for nuclear phylogenetic analyses.
Of the 128,110 bp, 11,202 bp (8.7%) were variable with only
5066 bp (4%) being parsimony-informative within the ingroups.
From the trimmed sequencing reads, we were able to recover
42,031 bp of the plastome, which contained 783 variable sites
(�1.9%) and 216 parsimony-informative sites (�0.5%) within the
ingroups. The 42,031 bp recovered consisted of intron and exon
regions within the Long Single Copy and Short Single Copy seg-
ment of the chloroplast. Resulting gene trees, gene alignments,
and species trees have been deposited in Dryad repository http://
dx.doi.org/10.5061/dryad.nn153.
3.2. MP-EST species and accession tree

The MP-EST analyses supported the monophyly of the Sarracenia
clade with Darlingtonia californica as basal to Heliamphora and Sar-
racenia (Figs. 1 and 2), which is consistent with the concatenated
nDNA tree and plastid tree (Figs. 2 and 3). Additionally, MP-EST
resolved many of the phylogenetic relationships within Sarracenia
with high bootstrap support (Figs. 1 and 2). Specifically, both MP-
EST analyses support an ‘‘oreophila clade’’ consisting of oreophila
as sister to the alata, leucophylla, and the rubra complex (i.e.
alabamensis, jonesii, ssp. wherryi, ssp. gulfensis) and another clade
comprising flava, minor, psittacina, and the purpurea complex (ssp.
venosa var. montana, ssp. venosa, ssp. purpurea, and rosea). Within
the oreophila clade there was high bootstrap support for alabamensis
sharing a more recent common ancestor with leucophylla (Fig. 1).
This result suggests that the rubra complex is a polyphyletic group.
It should be noted that there is low bootstrap support (<65) for
relationships between leucophylla, alata and the other members of
the rubra complex. In addition, the MP-EST accession tree (Fig. 2)
shows a polytomy among alabamensis, alata, leucophylla, and the
rubra complex with the exception of rubra as sister to jonesii. All
jonesii accessions formed a monophyletic clade with 80 bootstrap
support. The relationships between alata accessions were unre-
solved as well as their relationships to members of rubra complex.

The other subclade recovered within Sarracenia consists of flava,
minor, psittacina, and the purpurea complex with 89 bootstrap sup-
port (Fig. 1). All members of the purpurea complex were mono-
phyletic with purpurea ssp. venosa var. montana sister to all other
purpurea subspecies (bootstrap value = 100; Fig. 1). In addition,
infraspecific relationships within the purpurea clade suggest that
the venosa subspecies are paraphyletic. Moreover, rosea (purpurea
ssp. venosa var. burkii) is placed within the MP-EST purpurea clade
(Fig. 1). All purpurea accession relationships were unresolved, with
the exception of purpurea ssp. venosa var. montana and purpurea
ssp. purpurea accessions (bootstrap = 50, 81, respectively; Fig. 2).
Conversely, all accessions for flava, psittacina, and minor had 100
bootstrap support, however varieties within species were not
monophyletic. The species and accession tree analyses supports
the placement of the purpurea complex as sister to the flava,
psittacina, and minor clade.

3.3. Concatenated nDNA and plastid tree

The RAxML concatenated nDNA accession tree has a similar
overall topology to the MP-EST accession tree (Fig. 2). The tree
shows strong support for oreophila as sister to alata, leucophylla,
and the rubra complex (bootstrap value = 100). Additionally, it sup-
ports a polyphyletic rubra complex with alata as being a part of the
rubra polytomy. Many relationships within the rubra complex are
unresolved with the exception of rubra and jonesii, though two
accessions of rubra are placed closer to the jonesii clade (Fig. 2).
Unlike the MP-EST accession tree, concatenation supported the
placement of leucophylla as sister to a polytomy of alata and the
rubra complex, albeit with low support (bootstrap value = 58).

The concatenation tree supports the purpurea complex as sister
to the oreophila clade with high support (bootstrap value = 91).
Moreover, it places psittacina as sharing a more recent common
ancestor with minor, although this relationship is poorly supported
(bootstrap value = 55; Fig. 2). Accessions within these clades were
monophyletic at 100 bootstrap support. Similar to the MP-EST
accession analysis both purpurea ssp. venosa var. montana and pur-
purea ssp. purpurea are supported as monophyletic taxa, however
monophyly is not supported for purpurea ssp. venosa and rosea
(purpurea ssp. venosa var. burkii).

In comparison to both nuclear analyses, the plastid tree had
very low resolution with polyphyletic relationships across most
species and in both the purpurea and rubra complexes (Fig. 3). Sar-
racenia jonesii (rubra ssp. jonesii) and purpurea ssp. venosa var. mon-
tana comprised one clade within the plastid accession tree with a
100 percent bootstrap support (Fig. 3). This result may indicate
introgression of the chloroplast between these two species as these
species have overlapping distributions (Fig. 4a and c).

3.4. Gene tree discordance

For all nodes queried (Fig. 2, A–E), the majority of gene trees
showed some degree of conflict; no node had more than 3 gene
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Fig. 1. Sarracenia MP-EST species tree based on 199 nuclear genes. Bootstrap support values are listed above respective branches. Nodes with <50 bootstrap support are
collapsed. MP-EST phylogram representing branch lengths in coalescence units (2s/h), whereby theta (h) is the population size estimator and tau (s) is the parameterized
branch length. Branch lengths at the terminal tips are not estimated.
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trees that agreed. Conflict at nodes A–E (Fig. 2) may be the result of
factors other than incomplete lineage sorting, such as gene
reticulation resulting from hybridization. The hypothesis that
minor, psittacina and the purpurea complex may be the result of
hybridization between sister taxa was not supported in STEM-hy.
4. Discussion

4.1. Target enrichment with recently radiated taxa

There have been three attempts at resolving the relationships
within Sarracenia with little resolution or agreement in species
relationships (Bayer et al., 1996; Ellison et al., 2012; Neyland and
Merchant, 2006). Incongruence among previous attempts that used
few genes highlights the difficulties of inferring phylogenies of
recently radiated groups. These groups often have not accumulated
enough polymorphisms to overcome the signals left by incomplete
lineage sorting. To circumvent this issue, we used 199 genes for
phylogenetic analyses. This is a 28-fold increase of loci for analysis
when compared to previous phylogenetic studies of this group
(Ellison et al., 2012), and garnered additional parsimony-informa-
tive sites (�5000) for a more robust resolution of relationships
within Sarracenia. This study emphasizes the utility of target
enrichment for discerning relationships among recently diverged
taxa.
4.2. Comparison of phylogenetic approaches

The use of next generation data requires that the methods
adequately model the complexities inherent in multilocus datasets
(Lemmon and Lemmon, 2013). The multispecies coalescent has
been shown through simulations and theory to handle incomplete
lineage sorting and produce accurate species trees when compared
to concatenation methods (Degnan and Rosenberg, 2009; Edwards,
2009; Liu et al., 2008, 2009, 2010). Our analysis shows few conflicts
between the MP-EST accession tree and the concatenation tree.
This result may be due to robust taxon sampling in the genus
(and possibly the use of multiple accessions) as previous simula-
tions have shown that concatenation often gives incorrect topology
as the number of missing taxa increases (Song et al., 2012). Addi-
tionally, 70% of the gene trees had either all taxa or just one miss-
ing taxon. This combination of conservative filtering of genes with
complete taxon sampling may have contributed to the overall con-
gruence between methods. Another possible reason for congruence
between analyses could be due to lack of an ‘‘anomaly zone’’ (i.e., a
highly probable gene topology that conflicts with the species tree)
(Degnan and Rosenberg, 2006). Concatenation analyses are par-
ticularly susceptible to anomalous gene trees as this approach esti-
mates the species tree based on the commonly observed gene tree
(Degnan and Rosenberg, 2006; Liu and Edwards, 2009). Examina-
tion of gene trees in our study show high levels of gene tree hetero-
geneity with no dominant topology, possibly decreasing the
likelihood of anomalous gene trees.

To further compare the concatenation tree and MP-EST acces-
sion tree, we examined the two major nodes that conflicted
between the methods: the placement of the purpurea complex
and psittacina. Alternative topologies were counted at these nodes
to see if the conflicting topology was more frequent. Due to high
levels of variable gene trees we were unable to discern a common,
alternative topology for all nodes queried. These topological con-
flicts, which notably occur at short internodes, most likely resulted
from retention of ancient polymorphisms resulting in high levels of
incomplete lineage sorting. In addition to examining gene tree dis-
cordance, we tested hypotheses of speciation for minor, psittacina
and the purpurea complex resulting from hybridization between
sister taxa. These hypotheses were rejected from STEM-hy; howev-
er, speciation within this genus may be the result of hybridization



Fig. 2. Sarracenia MP-EST accession tree based on 199 nuclear genes and concatenated nDNA accession tree (128,110 bp) estimated from RAxML. Bootstrap support is
indicated at the nodes; <50 bootstrap support nodes collapsed. Letters indicate areas of disagreement between the two analyses. Gene tree discordance was assessed at these
nodes and letters correspond to results listed in the text.
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Fig. 3. Sarracenia plastid accession tree (42,031 bp) estimated from RAxML. Bootstrap support is indicated on the cladogram at the nodes; <50 bootstrap support nodes
collapsed. Phylogram representing nucleotide substitutions per site.
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Fig. 4. Range maps for Sarracenia species. (A) Species and subspecies ranges from the oreophila clade in the MP-EST species tree. (B) Ranges for the flava–minor–psittacina
clade; varieties are not shown. (C) Ranges of the subspecies within the purpurea complex.
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among numerous taxa for which we were unable to test within
STEM-hy. Current hybridization has been well documented for Sar-
racenia with nineteen known hybrids occurring in wild populations
and these are not limited to hybridization between sister taxa
(Mellichamp and Case, 2009). While care was taken to select acces-
sions that exhibited no phenotypic signs of hybridization, ancient
hybridization among species has most likely influenced speciation
within this genus and contributed to incongruent topologies
among gene trees.

In addition, the conflicting topologies between the nuclear phy-
logeny and the plastid tree further support the role of hybridiza-
tion and incomplete lineage sorting within this genus. For
example, the cpDNA tree supports a monophyletic clade consisting
of all jonesii (rubra ssp. jonesii) and purpurea ssp. venosa var. mon-
tana accessions, a result contradicted by both coalescent and con-
catenated nuclear trees. This suggests possible introgression of the
maternally-inherited plastome. These two species are largely iso-
lated in mountain bogs in Georgia, North Carolina, and western
South Carolina and are known to hybridize where they occur in
sympatry (Fig. 4a and c; Mellichamp and Case, 2009). In contrast,
Ellison et al. (2012) found signals of introgression between pur-
purea ssp. venosa var. montana and oreophila within the chloro-
plast. While we did not recover this result, many oreophila
individuals were found to be sister to the purpurea ssp. venosa
var. montana and jonesii clade possibly resulting from the proposed
introgression.

Further complicating resolution using cpDNA is the lack of
informative sites. In general, all accessions are not reciprocally
monophyletic and there is little resolution across the tree. This is
not unexpected as the chloroplast genome is more slowly evolving
than the nuclear genome (Wolfe et al., 1987). Given the estimated
radiation of this genus at 0.5–3 mya (Ellison et al., 2012) there has
been little time for the chloroplast to accumulate enough
informative polymorphisms. This lack of resolution is similar to a
previous attempt to resolve these relationships using chloroplast
data (Ellison et al., 2012). In addition, recently radiated taxa are
often known to have conflicting cpDNA or mtDNA trees compared
to nDNA trees (Sanders et al., 2013; Shaw, 2002; Zhang et al.,
2014).
4.3. Evolutionary relationships within Sarracenia

4.3.1. Sarracenia oreophila clade
Similar to previous attempts, oreophila, alata, leucophylla, and

the rubra complex share a close affinity with each other (Ellison
et al., 2012; Neyland and Merchant, 2006), with oreophila as sister
to the rest of the clade. In addition, there are a number of ambigu-
ous relationships within the clade, specifically involving members
of the rubra complex. This is not surprising, as the relationships
and numbers of species/subspecies within the rubra complex have
been highly debated due to considerable phenotypic variation
maintained across disjunct populations within the range of rubra
(Bell, 1949; Case and Case, 1976; McDaniel, 1971; Schnell, 1977,
1978). However, MP-EST and concatenation analyses did show
strong support for the relationship between rubra and jonesii (rubra
ssp. jonesii). These two members of the complex are closer geo-
graphically than the other subspecies within this complex (Fig. 4a).

Similar to jonesii, alabamensis (rubra ssp. alabamensis) is found
in isolated populations (Fig. 4a) and is phenotypically different
from other members of the rubra complex (Schnell, 1977). In addi-
tion, alabamensis grows phyllodia (i.e. non carnivorous leaves), a
trait which is absent in other rubra complex members and alata
and present in oreophila (Ainsworth and Ainsworth, 1996). This
character supports the MP-EST species tree placement of alaba-
mensis as more closely related to oreophila suggesting a polyphylet-
ic rubra complex. However, in both accession trees alabamensis is
in a polytomy with alata, leucophylla, and other members of the
rubra complex. The inclusion of additional accessions of alabamen-
sis may have supported monophyly within the species, but unfor-
tunately were not successfully sequenced.

The other subspecies (rubra ssp. gulfensis, rubra ssp. wherryi)
relationships within the rubra complex remain unresolved in the
accession trees and have low bootstrap support in the MP-EST spe-
cies tree. Both are found in the Gulf Coastal Plain where they are
sympatric with numerous Sarracenia species (Fig. 4). Interestingly,
rubra ssp. gulfensis and alata form a polytomy in the species tree,
and both subspecies are in a polytomy with rubra ssp. wherryi in
the accession tree. This result suggests a very close affinity
between alata and the rubra complex, which has been suggested
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by previous taxonomic descriptions of this group based on similar
pitcher morphology, petal shape, size of flowers, and degree of
reflexion in pitcher lid (Case and Case, 1976; McDaniel, 1966;
Schnell, 1976, 1978; Sheridan, 1991). Sister to the clade containing
alata and the rubra complex is leucophylla, which is morphological-
ly distinct from all other members within this clade (i.e. it is the
only Sarracenia species with white coloration in leaves). Even with
its distinct morphology, there was low bootstrap support for its
placement within the MP-EST species tree. Additionally, the leuco-
phylla accession clade fell within a polytomy with the clade con-
taining alata and the rubra complex in the MP-EST accession tree,
but was supported as sister to those species in the concatenation
tree. Locally abundant hybrids among leucophylla, rubra, and alata
with complex backcrosses are common where species are in sym-
patry (McPherson and Schnell, 2011) and show signs of genetic
admixture when in sympatry (Furches et al., 2013).

We did not find any phylogenetic structure for populations of
alata sampled from either side of the Mississippi (these popula-
tions are separated by roughly 300 km with the western popula-
tions being allopatric) in the MP-EST analyses, but accessions
west of the Mississippi were grouped together in the concatenation
analysis. Combined with the unresolved relationships with mem-
bers of the rubra complex, our analyses suggest that alata could
be considered a subspecies within the rubra complex. The potential
for alata to be a subspecies is in contrast to the result from the spe-
cies delimitation approach conducted by Carstens and Satler
(2013), suggesting that alata consists of two cryptic species on
either side of the Mississippi River. In either case there is pheno-
typic variation among the rubra complex with geographic isolation
of numerous members suggesting that this group may be in the
midst of speciation.
4.3.2. Sarracenia purpurea complex
Sarracenia purpurea is the most widespread species within the

genus, extending from the Gulf Coastal Plain into Newfoundland
and across to British Columbia (Fig. 4c; Fernald, 1937). The
infraspecific designations within the purpurea complex are the pro-
duct of discontinuity in the distribution of this species. Both the
Gulf Coastal Plain purpurea (rosea/purpurea ssp. venosa var. burkii)
and purpurea ssp. venosa var. montana are geographically disjunct
from the other portions of the range. The latter variety is found
in isolated seep bogs in northern Georgia and the western Caroli-
nas (Schnell and Determann, 1997). The more contiguous portion
of the range consists of two named subspecies delineated near
Maryland; purpurea ssp. venosa in the south and purpurea ssp. pur-
purea north of Maryland and across Canada. There is not a com-
plete geographic break between the two subspecies and these
species form a hybrid zone at the delineation point (Ainsworth
and Ainsworth, 1996). Similar to Ellison et al. (2012), we found
rosea (purpurea ssp. venosa var. burkii) as sister to purpurea ssp.
venosa and purpurea ssp. purpurea. However, unlike previous
results suggesting that the purpurea complex is sister to all other
Sarracenia species (Ellison et al., 2012; Neyland and Merchant,
2006), our results suggest that the purpurea complex is sister to
the clade containing minor, psittacina, and flava (MP-EST) or
oreophila clade (concatenation). Examination of the accession trees
did show reciprocal monophyly for purpurea ssp. venosa var. mon-
tana and purpurea ssp. purpurea, but not for purpurea ssp. venosa or
rosea (purpurea ssp. venosa var. burkii). The latter result, more
specifically rosea (purpurea ssp. venosa var. burkii), is in contrast
to population level analyses of subspecies/varieties found in Godt
and Hamrick (1999) and Sheridan (2010). Overall, the geographic
isolation, phenotypic differences, and population genetics of the
subspecies/varieties within the purpurea complex suggest this
group may be diversifying, similar to the rubra complex.
4.3.3. Sarracenia minor–psittacina–flava clade
Both concatenation and MP-EST analyses strongly support the

relationships between minor, psittacina, and flava described previ-
ously (Bayer et al., 1996; Neyland and Merchant, 2006). In addi-
tion, the MP-EST relationships of psittacina and flava as sister
taxa were strongly supported by Ellison et al. (2012). Morpho-
logically these two species are remarkably different; psittacina is
the smallest species within the genus and has decumbent pitchers,
while flava pitchers can reach over 80 centimeters in height. This
relationship highlights the extreme range of morphological varia-
tion in trapping structures across sister species in this recently
radiated group. Lastly, the relationships of flava varieties within
the species tree are well supported, however are not reciprocally
monophyletic in the accession trees. Varieties within flava are gen-
erally designated by anthocyanin presence. For example, flava var.
rubricorpora has an almost completely red pitcher, while flava var.
rugelii is characterized by the red coloration at the throat of the
pitcher. Anthocyanin presence can be highly variable, responding
dramatically to ecological conditions and therefore, the designa-
tion of variety based on coloration may be unwarranted.

4.4. Biogeographic hypotheses for Sarracenia

Recent estimates suggest the majority of Sarracenia diversifica-
tion occurred less than 3 million years ago during the Pleistocene
epoch (Ellison et al., 2012). The Pleistocene has been documented
as having a large influence on the distribution and diversification
of many southeastern United States species, most likely caused
by interglacial activities (see Avise, 1996; Soltis et al., 2006). This
constant climatic oscillation likely influenced Sarracenia spe-
ciation. Interestingly, two out of the three Sarracenia species found
on ancient Appalachian soils (i.e. oreophila and purpurea ssp. venosa
var. montana; Fig. 4a and c) are basal to other species within their
respective clades. This suggests the common ancestor of Sarracenia
may have originated from the southern Appalachian massif, which
is a known area of antiquity and endemism. Resulting diversifica-
tion and speciation may have occurred through two possibilities.
In the first scenario ancestors to the two Sarracenia subclades
(Fig. 1) migrated from the Appalachian massif by drainages into
the Gulf and Atlantic (Godt and Hamrick, 1999) as Sarracenia seeds
are primarily water dispersed (Schnell, 1976). Under this scenario,
the ancestor of the purpurea/minor clade may have migrated along
drainages leading to the Atlantic Coastal Plain while the oreophila
ancestor may have followed the Apalachicola-Chattahoochee-Flint
(ACF) River drainage to the Gulf Coastal Plain with secondary con-
tact between the two clades occurring at the Apalachicola region.
Current species ranges seem to support this hypothesis: species
within the oreophila clade primarily occur along the Gulf Coastal
Plain with the exception of more recently diverged species (rubra
and jonesii) shifting along the Fall Line into Georgia and South
Carolina (Fig. 4a). In addition, the MP-EST species tree indicates
that oreophila shares a most recent common ancestor with alaba-
mensis (restricted to central Alabama), possibly as a result of dis-
persal via drainages. Moreover, the ranges of flava, minor, and
purpurea mostly occur along the Atlantic Coastal Plain with the
exception of psittacina and purpurea ssp. venosa var. burkii
(Fig. 4b and c). In the latter case, the purpurea complex may have
covered a larger continuous range with purpurea ssp. venosa var.
montana becoming disjunct followed by isolation of purpurea ssp.
venosa var. burkii from purpurea ssp. venosa. In addition, the geog-
raphy of the flava clade also suggests dispersal to the Atlantic
Coastal Plain, as the basal flava occupies the northern limits of
the its range, while the more recently diverged varieties occur at
the southern limits, with flava var. rubricorpora restricted to the
Florida panhandle. This biogeography hypothesis of speciation
within this group is supported by numerous phylogeography
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studies of this region (Soltis et al., 2006; Pauly et al., 2007). Worth
noting is that the Sarracenia obligate symbiont Exyra semicrocea
(pitcher plant moth) exhibits a similar genetic break in this region
(Stephens et al., 2011), while E. fax and E. ridingsii are restricted to
the Atlantic Coastal Plain due to their specialization on purpurea
and flava, respectively.

In contrast, speciation and diversification of Sarracenia could
have centralized around the Apalachicola region, which is a known
biodiversity hotspot and has the highest overlap of Sarracenia spe-
cies. Under this scenario, the ancestor of Sarracenia migrated along
the Gulf Coast drainages from the Appalachian massif with succes-
sive interglacial activity fragmenting populations (J.L. Hamrick,
personal communication). Subsequent speciation may have
occurred through movement east and west of this area, which is
supported by the current ranges of the two subclades of Sarracenia
(Fig. 4). Future phylogeographic work on various Sarracenia species
may help to elucidate the biogeographic history of these species
and provide further insights into Sarracenia speciation.
4.5. Conservation implications

Sarracenia species are generally restricted to open wet pine
savannas in the Coastal Plain that are maintained through frequent
fires. Unfortunately, less than 3% of suitable habitat currently
remains, as a cumulative result of fire restrictions, urbanization,
forestry, and agriculture (Folkerts, 1982; Folkerts and Folkerts,
1993). This has lead to numerous Sarracenia species listed as state
threatened or endangered with three (oreophila, rubra ssp. jonesii,
and rubra ssp. alabamensis) listed as federally endangered and
one (purpurea ssp. venosa var. montana) is a candidate for protec-
tion at the federal level (Department of the Interior, 2014). All spe-
cies are listed in the Convention on International Trade in
Endangered Species, Appendix II (www.cites.org) due to collection
pressures. Confusion in nomenclature designations for Sarracenia
confounds conservation practices. For example, Mellichamp and
Case (2009) recognize 11 species with six subspecies, while
McPherson and Schnell (2011) identify 8 species and 41 infraspeci-
fic designations. As pointed out by Ellison et al. (2014), this confu-
sion can have serious consequences for the protection status of
species within this genus. In lieu of a more well resolved phy-
logeny, we suggest a complete reevaluation of nomenclature
across the genus. Ellison et al. (2014) recommends abandoning
the use of ‘‘variety’’ in plant systematics so that ‘‘subspecies’’ is
the only infraspecific designation below the rank of species. Fol-
lowing these recommendations, minor var. okefenokeensis and flava
varieties will need to be reevaluated. Additionally, all taxonomic
designations within the purpurea and rubra complexes should be
reassessed. Given our results, alata should be included in the taxo-
nomic revision of the rubra complex as well as a more thorough
description of jonesii (rubra ssp. jonesii) and alabamensis (rubra
ssp. alabamensis). Overall, a taxonomic reevaluation of this group
is warranted and will hopefully lead to less confusion for manage-
ment and conservation officials in charge of protecting these rare
and endangered species.
5. Conclusions

We demonstrate the utility of using target enrichment and
coalescent-based approaches for phylogenetic resolution of recent-
ly diverged taxa. Using target enrichment, we were able to success-
fully use 199 loci across 75 individuals to elucidate relationships
within this genus. In addition, we were able to pull out 42 kb of
cpDNA-derived sequences for a plastid tree analysis, however the
plastid analysis was unable to resolve relationships. Overall, this
study has resolved numerous relationships within this genus,
which has important implications on the protection status of these
species. Understanding the evolutionary history of Sarracenia lays
the foundation for examining questions pertaining to evolution
and speciation in this group.
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