
Molecular Phylogenetics and Evolution xxx (2012) xxx–xxx
Contents lists available at SciVerse ScienceDirect

Molecular Phylogenetics and Evolution

journal homepage: www.elsevier .com/ locate /ympev
Phylogenetic analysis of Primula section Primula reveals rampant
non-monophyly among morphologically distinct species

Alexander N. Schmidt-Lebuhn ⇑, Jurriaan M. de Vos, Barbara Keller, Elena Conti
Institute of Systematic Botany, University of Zurich, Zollikerstrasse 107, CH-8008 Zurich, Switzerland

a r t i c l e i n f o
Article history:
Received 24 February 2012
Revised 11 May 2012
Accepted 16 May 2012
Available online xxxx

Keywords:
Ancestral polymorphism
Bayesian phylogenetics
Hybridization
Incomplete lineage sorting
Phylogeny
Primula
1055-7903/$ - see front matter � 2012 Elsevier Inc. A
http://dx.doi.org/10.1016/j.ympev.2012.05.015

⇑ Corresponding author. Present address: CSIRO Pl
Canberra, ACT 2601, Australia.

E-mail address: alexander.schmidt-lebuhn@csiro.a

Please cite this article in press as: Schmidt-Leb
morphologically distinct species. Mol. Phylogen
a b s t r a c t

The type section of Primula (Primulaceae), here considered to include seven species, is phylogenetically
quite isolated in its genus. Although its species are popular ornamentals, traditional medicinal plants
and model organisms for the study of heterostyly, the section has not yet been studied from a phyloge-
netic or evolutionary perspective. Using phylogenetic analysis of nuclear ITS and plastid data from all
species and subspecies, we find that widespread Primula elatior is genetically heterogeneous and non-
monophyletic to most if not all of the other ingroup taxa. The Genealogical Sorting Index (GSI) indicates
that the assumption of all currently accepted species being independent lineages is consistent with the
data. It is possible that P. elatior in its current circumscription may represents the disjointed remnant
of an ancestral species from which the other recognized species diverged. However, based on available
data, the alternative possibility of introgression explaining the non-monophyly of this species cannot
be excluded. Species trees show P. elatior and P. veris as sister species. Primula vulgaris and P. juliae are
closely related, while, in contrast to previous assumptions, P. renifolia does not appear to be a close rel-
ative of P. megaseifolia. With the section’s isolation from the rest of the genus and very short internal
branches, our dataset also presents a case study of the confounding effects of different branch length pri-
ors on the Bayesian estimation of resulting branch length estimates. Experimental runs using different
priors confirm the problem of resulting estimates varying by orders of magnitude, while topology and rel-
ative branch lengths seem unaffected.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Disentangling the evolution and phylogenetic relationships of
closely related, hybridizing species is one of the most challenging
tasks in systematics. Species in early stages of differentiation
may lack or possess only to a limited degree some of the criteria
for the identification of independent evolutionary lineages that
are most commonly used, such as clear distinguishing characters,
reproductive isolation, or reciprocal monophyly of gene trees. Lack
of reciprocal monophyly can be caused by either ancestral poly-
morphism, when species are reproductively isolated but too young
for lineage sorting to be complete, or introgression, if reproductive
isolation is incomplete (Wendel and Doyle, 1998). The relative con-
tributions of these two processes to lack of reciprocal monophyly
remain very difficult to establish, despite recent advances provided
by coalescent theory and population genetic approaches (Joly et al.,
2009; Mims et al., 2010; Pelser et al., 2010).

Regardless of the underlying reason, non-monophyletic species
complicate phylogenetic inference (e.g., Syring et al., 2007), as does
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incongruence between gene trees for different loci (e.g., Chen et al.,
2009). Various approaches are now available for the reconstruction
of species trees from gene trees, including, for example, minimiz-
ing deep coalescence (MDC; Maddison, 1997), Bayesian estimation
of species trees (Liu and Pearl, 2007; Edwards et al., 2007; Heled
and Drummond, 2010), and species tree estimation using maxi-
mum likelihood (Kubatko et al., 2009). However, all currently
available methods assume that incongruence of gene trees is not
explained by hybridization and demand data from a large number
of independent loci, a requirement that is still difficult to meet for
most non-model organisms (Hughes et al., 2006). The taxonomic
treatment of non-monophyletic species is controversial, with opin-
ions ranging from their outright rejection (Mishler, 1999; Ereshef-
sky, 2007) to the argument that the monophyly criterion is not
applicable (Rieppel, 2010), or that ‘wrong’ taxonomy could explain
non-monophyly (McKay and Zink, 2010). Conversely, under a view
of species as distinctly evolving meta-population lineages (de Que-
iroz, 1999), different taxonomic circumscriptions can be compared
statistically based on the likelihood of species trees constructed
with coalescent-based methods (Carstens and Dewey, 2010; Yang
and Rannala, 2010), and measures such as the Genealogical Sorting
Index (Cummings et al., 2008) can be used to quantify the degree
to which a lineage has achieved exclusive ancestry. In the present
alysis of Primula section Primula reveals rampant non-monophyly among
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study, we discuss the case of a small, phylogenetically distinct
clade of species that are poorly differentiated from a molecular
point of view and explore the problems arising from the combina-
tion of phylogenetic isolation and lack of genetic differentiation
among taxonomically distinct species.

Primula L. (Primulaceae) is a genus of perennial rosette plants
with actinomorphic, sympetalous flowers. Including the phyloge-
netically nested Dionysia Fenzl., Dodecatheon L. and Cortusa L.
(Mast et al., 2001; Trift et al., 2002; Martins et al., 2003), the group
contains ca. 500 species and has a predominantly northern hemi-
spheric distribution, with some representatives in Ethiopia and
Southeast Asia and one isolated species in South America (Rich-
ards, 2003). Its center of diversity is the Central Asian mountain
ranges, especially the Sino-Himalaya. Around 90% of the species
are characterized by heterostyly (Richards, 2003), a condition in
which populations consist of two floral morphs: ‘‘pins’’, with an-
thers in the lower and stigmas in the upper portion of the corolla
tube, respectively, and ‘‘thrums’’ with a reverse arrangement of
the sexual organs. This morphological differentiation is usually
coupled with an incompatibility mechanism that hampers fertil-
ization within the same morph (Barrett, 2002). Heterostyly is a
genetically controlled breeding system that likely evolved to pro-
mote outcrossing (Barrett and Shore, 2008).

According to the most recent, global monographic treatment of
Primula, the type section of the genus, sect. Primula, comprises six
species that share some similarities with P. grandis, ascribed to its
own section Sredinskya Stein (Richards, 2003; Fig. 1). Three species
are widespread and well-known: the ‘‘primrose’’ Primula vulgaris
Huds., comprising four mostly allopatric subspecies distributed
Fig. 1. The seven species of section Primula. (A) P. elatior ssp. elatior, (B) P. elatior ssp. mey
(H) particularly striking representative of P. veris ssp. macrocalyx, (I) P. vulgaris garden var
la Guillaume under the GNU Free Documentation License, E and F courtesy of Terry Mit
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through the Atlantic and Mediterranean parts of Europe, part of
northern Africa and the Middle East; the ‘‘cowslip’’ P. veris L., with
four subspecies and a Eurasian temperate distribution; and the ‘‘ox-
lip’’ P. elatior (L.) Hill., with eight subspecies and a very similar Eur-
asian distribution. Some of the current subspecies have previously
been treated as segregate species (e.g., Komarov, 1963), especially
colorful P. elatior ssp. meyeri (Rupr.) Valentine and J. Lamond, which
was split into as many as three separate species, and P. veris ssp.
macrocalyx (Bunge) Ludi, which was also sometimes recognized
as a species (but see Länger and Saukel, 1993, for arguments in favor
of reducing the number of subspecies in the section). The remaining
three species have very restricted areas of distribution in the Cauca-
sus and its immediate surroundings. The stoloniferous P. juliae Kus-
nez., together with P. vulgaris the presumed parent of a swarm of
garden hybrids, occurs along the eastern part of the Caucasus chain,
mostly in Georgia and Azerbaijan. Primula megaseifolia Boiss., an
impressive plant with large leaves and a great number of purple
flowers, is restricted to a thin coastal strip at the border of NE Tur-
key and Georgia. Primula renifolia Volgunov, restricted to the Dom-
bai mountains of Cherkessk, directly north of the Russian–Georgian
border, has the smallest distributional range in the section. Finally,
P. grandis Trautv. occurs in the western part of the Caucasus chain.
This species produces tall umbels of many pendent, tubular yellow
flowers with strongly reduced corolla lobes and long-exerted stig-
mas (Fig. 1C). While sharing the same diploid chromosome number
and pollen type with section Primula, P. grandis is morphologically
so aberrant from the rest of Primula that it is traditionally treated
as a separate monotypic section Sredinskya. However, recent molec-
ular phylogenetic analyses firmly placed this species within sect.
eri, (C) P. grandis, (D) P. juliae, (E) P. megaseifolia, (F) P. renifolia, (G) P. veris ssp. veris,
iety. Photo B courtesy of John and Wendy Mattingley, C published by Adrien Benoit à
chell, the others taken by the first author at the Botanical Garden of Zurich.
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Primula, prompting us to consider it a seventh member of this sec-
tion throughout the present study. All seven species are considered
to be diploid, with a common chromosome number of 2n = 22
(Richards, 2003), although values of 2n = 16–18 have also been re-
ported (Hayirlioglu-Ayaz and Inceer, 2003).

Hybridization is common in section Primula (Heslop Harrison,
1931; Smith et al., 1984; Richards, 2003; Gurney et al., 2007).
Post-mating isolation mechanisms between various species pairs
of section Primula have been studied experimentally in great detail
(de Vries, 1919; Valentine, 1947, 1952, 1955). In the wild, hybrid-
ization between P. vulgaris and P. veris as well as P. vulgaris and P.
elatior is prevalent when species co-occur (Woodell, 1965; Rich-
ards, 2003; Kálmán et al., 2004; B. Keller, personal observation).
Despite the high frequency of hybrids, the extent of backcrossing
and introgression into the respective species is unknown.

From a molecular phylogenetic point of view, Primula has re-
cently been studied at the: (i) genus- or family-level in analyses of
taxonomically broad datasets aimed either at improving the circum-
scription of the genus and its sections (Mast et al., 2001; Martins
et al., 2003; Kovtonyuk and Goncharov, 2009) or elucidating the evo-
lution of heterostyly (Mast et al., 2006); and (ii) intra-sectional level
analyses of taxonomically narrow but in-depth datasets aimed at
understanding evolutionary and biogeographic processes at the spe-
cies level (Trift et al., 2004, on nested Dionysia; Mast et al., 2004, on
nested Dodecatheon; Zhang et al., 2004, on sect. Auricula; Guggisberg
et al., 2006, 2009, on sections Aleuritia Duby and Armerina Lindley;
Kelso et al., 2009, on section Parryi W.W. Smith ex Wendelbo).

In family-level analyses of chloroplast and nuclear DNA se-
quences with low intra-sectional sampling, Primula section Primula
(including P. grandis) formed a strongly supported clade subtended
by a long branch, suggesting phylogenetic isolation from the sec-
tion’s closest living relatives, while the sampled species were sub-
tended by extremely short internal branches, suggesting lack of
inter-specific differentiation (Mast et al., 2001, 2006; Kovtonyuk
and Goncharov, 2009). Despite the importance of this group as
popular ornamentals, traditional medicinal plants, source of prim-
rose wine, and for providing the model species for the study of het-
erostyly, hybridization and incompatibility (e.g., Darwin, 1877;
Valentine, 1947, 1952), inter-specific relationships within the sec-
tion and its evolutionary history remain unknown.

Conflicting views on the merit of assigning specific rank to var-
ious taxa in the section, the morphological plasticity of some cur-
rently accepted species and our ignorance of the frequency of
introgression between them, as outlined above, prompted the
present study. It thus had two related goals: (1) to examine
whether the species of section Primula, and in particular the three
widely distributed and morphologically heterogeneous species P.
elatior, P. veris and P. vulgaris form independently evolving lin-
eages, and (2) to provide a molecular phylogeny of the section.
We performed extensive infra-specific sampling to investigate
the degree to which species are genealogically diverged and ana-
lyzed both nuclear and plastid DNA sequences to examine whether
the resulting phylogenies were congruent. A species phylogeny
was produced with two different approaches. The degree to which
species as currently circumscribed have achieved exclusive ances-
try was assessed using the Genealogical Sorting Index (Cummings
et al., 2008). Finally, we also considered the implications of our re-
sults for the taxonomic treatment of the study species.
2. Materials and methods

2.1. Sampling and extractions

Samples for molecular analysis were obtained from various
sources, including garden collections, cultivars raised specifically
Please cite this article in press as: Schmidt-Lebuhn, A.N., et al. Phylogenetic an
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for the present study from seeds sent by other botanical gardens,
older collections of leaf tissue material either deep-frozen directly
and stored at �80 �C or dried and stored on silica, and herbarium
specimens of up to ca. 30 years of age. Before extraction, frozen
or fresh samples were also first dried on silica. Sampling was de-
signed to include all currently accepted species and subspecies of
section Primula, and to cover as large a part of the distribution of
the three widely distributed species as possible. In total, 65 in-
group samples were selected: 23 of Primula elatior, two of P. gran-
dis, three of P. juliae, three of P. megaseifolia, one of P. renifolia, 19 of
P. veris, and 14 of P. vulgaris. Eight outgroup species were sampled
to represent the diversity of the large sister clade of section Prim-
ula, which includes several other sections and the genus Dionysia
(Mast et al., 2006). For a detailed list of samples, see Appendix.
In all cases, leaf fragments of up to 1 cm2 were ground to dust
using glass beads in a Retsch MM301 (Schieritz & Hauenstein,
Arlesheim, Switzerland). Complete genomic DNA was then ex-
tracted using the DNeasy Plant Mini Kit (Qiagen AG, Hombrechti-
kon, Switzerland) following the manufacturer’s instructions with
minor modifications.
2.2. PCR and sequencing

Three DNA regions were sequenced for this study, one from the
nuclear and two from the plastid genome. The nuclear ribosomal
Internal Transcribed Spacer (ITS) region was amplified as described
in Schmidt-Lebuhn (2008), but using a reaction volume of 25 lL
and with the MgCl2 concentration reduced to 70%. PCR products
were purified with Exo I-CIAP (Fermentas GmbH, Le Mont-sur-Lau-
sanne, Switzerland). PCR products of fifteen samples were purified
with the NucleoSpin Extract II kit (Macherey-Nagel AG, Oensingen,
Switzerland) and cloned using the CloneJET PCR Cloning Kit (Fer-
mentas GmbH, Le Mont-sur-Lausanne, Switzerland) and self-made
competent cells of strain DH5a to test for the existence of diver-
gent paralogues. In all cases, eight clones were picked and se-
quenced after another PCR, following the same protocol as for
direct PCR but using vector-specific primers. The plastid spacer re-
gions rps16-50trnKUUU (rps16-trnK) and trnGUCC–trnSGCU (trnG–trnS)
were amplified using the primers published by Shaw et al. (2007)
and Hamilton (1999), respectively. The 25 lL reaction mix con-
tained 1� PCR buffer, 33.75 nmol MgCl2, 5 nmol dNTPs each,
2.5 pmol of both forward and reverse primer, 1 lL DMSO, and
5 l Taq (Bioline, Luckenwalde, Germany). Cycler programs were
run as described by Shaw et al. (2007). Sequencing reactions were
prepared with the BigDye Terminator Cycle Sequencing Kit (Ap-
plied Biosystems, Foster City, CA) using 0.3 lL of the same primers
as in the PCR amplification (10 lM), 1.0 lL BigDye terminator (ver-
sion 3.1), 1.0 lL buffer and a total of 7.7 lL DNA-template and
ddH2O. Sequencing products were purified with Sephadex G-50
fine grade (GE Healthcare, Glattbrugg/Zürich, Switzerland) on 96-
well multiscreen filtration plates (Millipore, Zug, Switzerland).
Sequencing was carried out on an ABI Prism 3130xl Genetic Ana-
lyzer (Applied Biosystems, Foster City, CA).
2.3. Editing and sequence alignment

Sequences were edited using the BioEdit software (Hall, 1999)
and Chromas Lite 2.01 (Technelysium pty. Ltd., Australia) and
aligned using MUSCLE (Edgar, 2004) under default settings, with
subsequent manual corrections. Alignments are available from
the communicating author upon request. All three datasets were
tested for the presence of recombination using the Phi statistic
(Bruen et al., 2006) as implemented in the PhiPack software (Bru-
en, 2005) with default parameters but 10,000 permutations.
alysis of Primula section Primula reveals rampant non-monophyly among
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2.4. Phylogenetic analyses

2.4.1. Phylogenetic datasets
The phylogenetic relationships were predominantly estimated

in a Bayesian framework, using MrBayes v.3.1.2 (Huelsenbeck
and Ronquist, 2001; Ronquist and Huelsenbeck, 2003). In total
six datasets were analyzed, to explicitly address several potentially
complicating factors. First, hybridization is suspected to play a role
in the phylogenetic history of this group of species, as discussed in
the introduction. This can potentially lead to incongruent topolo-
gies of plastid and nuclear gene trees (e.g. Van der Niet and Linder,
2008; Pelser et al., 2010). Therefore, analyses were conducted for
chloroplast and nuclear markers both combined and separately.
Secondly, as the branch to the ingroup (Section Primula including
P. grandis) is comparatively very long (Mast et al., 2006), with the
ingroup being sister to a large clade of over 200 species, we also
analyzed the three marker combinations while excluding all out-
group sequences. This was done to assess potential effects of
unbalanced sampling of ingroup vs. outgroup. Moreover, most sub-
stitutions may occur between outgroup and ingroup, rather than
within the ingroup, thus risking an inadequate substitutional mod-
el for the ingroup, and potentially obscuring ingroup relationships.

2.4.2. Selection of substitution models and partitioning scheme
Appropriate models of substitution were selected for each of the

three markers, both while including and excluding outgroup se-
quences. To select among competing models, we used the DAIC
score (Posada and Buckley, 2004) calculated by MrModeltest
v.2.3 (Nylander, 2004), after obtaining the maximum likelihood
under 24 models of sequence evolution and a NJ tree using PAUP⁄

v.4.0b10 (Swofford, 2002). We ignored results for models that
incorporate both a proportion of invariable sites (I) and rate varia-
tion among sites (modeled with a gamma distribution, C), such as
GTR + I + C, because several initial MCMC runs failed to reach sta-
tionarity, likely due to parameter interaction of I and C during
MCMC (not shown). To avoid under-parameterization (Lemmon
and Moriarty, 2004), we considered model selection using AIC to
be indecisive when DAIC between the best and the second best
model was less than 2, and the second best model contained more
free parameters.

We then performed Bayesian model selection using BayesFac-
tors instead (Posada and Buckley, 2004). The BayesFactor uses
the ratio of the marginal likelihoods of two competing models, tak-
ing into account all possible values of the parameters of a model
(as well as tree topology) via integration (Brown and Lemmon,
2007). Importantly, BayesFactors can be used to select among
non-nested models. We considered the parameter-poor model bet-
ter fitted and selected it when 2 � ln BayesFactors > 10 (Brown and
Lemmon, 2007). We also used BayesFactors to determine if the
cpDNA data was best modeled as one or two partitions (Brown
and Lemmon, 2007); the nrDNA data was modeled as a separate
partition in all analyses. Similarly, we tested the effect of including
and excluding the parameter that describes rate variation among
partitions (l). This prevents the risk of incorrectly using a homoge-
neous model which has been shown to potentially produce biased
topological estimates (Brown and Lemmon, 2007; Brown et al.,
2010).

We estimated marginal likelihoods and BayesFactors using Tra-
cer v.1.5.0 (Rambaut and Drummond, 2007), by calculating the
harmonic mean of the likelihood scores of post-burnin MrBayes
MCMC samples. Although this method for estimating marginal
likelihood is most widely used in phylogenetic contexts, other
methods (e.g., those based on thermodynamic integration) are
known to perform more robustly, but they are computationally
substantially more demanding and were therefore not used for
the current study (see also Brown and Lemmon, 2007). MrBayes
Please cite this article in press as: Schmidt-Lebuhn, A.N., et al. Phylogenetic an
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runs for BayesFactors used default priors (unless specified other-
wise) for all parameters except for the alpha shape parameter of
C, where a uniform prior between 0.01 and 50 was used, and con-
sisted of four Metropolis coupled chains (temperature 0.05) that
were calculated for 8 million generations, sampling every 1000th
generation. Four independent runs per analysis were combined
after MCMC diagnosis using Tracer v.1.5.0, making sure that every
parameter had converged to the target distribution, and discarding
the first 25% of samples of each run as burnin.
2.4.3. Effects of outgroup branch length on branch length prior
Initial exploratory analysis of our data revealed that Bayesian

estimates of the total tree length (TL; the sum of the length of all
branches in the tree) were several orders of magnitude longer than
the maximum likelihood estimate, while topological differences
were subtle (not shown). Causes of this ‘‘long tree artifact’’ have
been investigated (Yang and Rannala, 2005; Marshall et al., 2006;
Brown et al., 2010; Marshall, 2010; Rannala et al., 2012) and war-
rant scrutiny of the influence of the prior distribution of branch
lengths on phylogeny estimation. Branch lengths priors are usually
specified with an exponential distribution with mean 1/k substitu-
tions per site. Hence, MrBayes’ default k = 10 corresponds with a
prior belief that branches on average have a length of 0.1 substitu-
tions per site. Because our datasets include multiple accessions per
species, with little sequence divergence, we expect many branches
to be much shorter. Therefore, we tested the influence of the
branch length prior on the combined datasets including and
excluding outgroup sequences, as advised by Brown et al. (2010).
We used values for k of 1, 10 (default), 20, 50, 100, 200, 1000 for
both datasets, and additionally 2000 and 10,000 for the dataset
without outgroups. We calculated BayesFactors (as in Sec-
tion 2.4.2), to determine the optimal k value when including or
excluding outgroup sequences. Because interactions between
branch length priors and the l parameter that describes rate vari-
ation among partitions can cause poor MCMC performance (Mar-
shall et al., 2006), we investigated the effect of branch length
prior in analyses without l. However, inclusion of l for branch
length tests in the dataset with outgroups yielded qualitatively
identical results (not shown).
2.4.4. Phylogeny estimation
For each of the six datasets, 10 independent MCMC MrBayes

runs were calculated for 10 million generations, using default pri-
ors unless others were selected as described in Sections 2.4.2 and
2.4.3. MCMC performance and convergence of all runs were
checked using Tracer v.1.5.3, after which runs were combined
and consensus trees including posterior probabilities of branches
were calculated using MrBayes v.3.1.2. For comparison, a parsi-
mony analysis of the concatenated data with outgroup was con-
ducted in PAUP as a full heuristic search with 10 random
addition sequence replicates, TBR branch swapping, and MaxTrees
set to 10,000.

An alternative approach to outgroup rooting is to infer the phy-
logeny as an ultrametric, rooted tree by assuming a molecular
clock (clock rooting). This was performed in BEAST 1.6.2 (Drum-
mond and Rambaut, 2007), enforcing rate constancy across
branches (which is a reasonable assumption given overall low
amounts of sequence divergence), but allowing for different substi-
tution rates between the nrDNA and cpDNA markers. On the con-
catenated dataset without outgroups, we ran 6 independent runs
of 10 million generations each, which were combined after con-
firming convergence using Tracer v.1.5 and discarding 10% burnin.
Results were summarized by calculating the maximum clade cred-
ibility tree with median node heights.
alysis of Primula section Primula reveals rampant non-monophyly among
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2.4.5. Genealogical Sorting Index
The Genealogical Sorting Index (GSI, Cummings et al., 2008)

provides a measure of the relative degree of exclusive ancestry of
a given group of individuals (sequences, samples or OTUs) on a
phylogenetic tree, where the maximum value of 1 indicates mono-
phyly and the minimum of 0 indicating dispersal over the entire
tree. This relatively simple test uses topological information only,
but adequately deals with incompletely resolved relationships.
Statistical significance is assessed with a permutation test that
generates trees with randomly rearranged individuals. The fre-
quency of GSI values for a group of individuals in the permuted
trees that are equal to or greater than the GSI in the original tree
provides the p-value for rejection of the null hypothesis that the
group is of mixed ancestry. The GSI has been used in previous stud-
ies to investigate cryptic species and to examine species bound-
aries (e.g., Cranston et al., 2009; Weisrock et al., 2010; Sakalidis
et al., 2011).

The GSI was calculated and permutation tests were conducted
using the functions made available on the website www.genealog-
icalsorting.org. After removal of the outgroup, GSI values were pro-
duced for the consensus trees resulting from the combined plastid
dataset and the nrITS dataset, and for both trees together (‘‘ensem-
ble statistics’’). The permutation tests were run with 10,000
replicates.
2.4.6. Inference of species tree
We employed ⁄BEAST (Heled and Drummond, 2010) imple-

mented in BEAST 1.6.2 (Drummond and Rambaut, 2007) for a
Bayesian estimate of the species tree. ⁄BEAST uses the multispecies
coalescent and MCMC sampling to calculate the posterior probabil-
ity of the species tree, using the probability of the data given the
gene trees (separately for nrDNA and cpDNA) and that of the gene
trees given the species tree. We ran 8 independent runs of 50 mil-
lion generations each (sampling every 2500th generation), which
were combined after confirming convergence using Tracer v.1.5
and excluding 25% burnin. We summarized results by calculating
the maximum clade credibility species tree using median node
heights.

Species phylogeny was also inferred in Mesquite 2.72 (Maddi-
son and Maddison, 2009) from the cpDNA and nrDNA consensus
trees (Figs. 2 and 3) by heuristically searching for the tree that min-
imizes the number of deep coalescences for multiple loci (Maddi-
son, 1997). Search parameters were set to auto-resolution of
contained polytomies, using branch lengths of contained trees,
SPR rearrangement, MaxTrees set to 100.
3. Results

3.1. Characteristics of the sequence data

Despite repeated attempts, it was not possible to produce rps16-
trnK sequences for two ingroup samples (Primula elatior #9 and P.
vulgaris #12), trnS-trnG sequences for two ingroup samples (P. elat-
ior #14 and P. vulgaris #13), and ITS sequences for one outgroup
sample (P. inayatii). Cloned sequences of the nrITS region for the
most part revealed only slight differences (1–4 nucleotide substi-
tutions) between paralogues. A small number of clones contained
only parts of the target region, e.g. only the first or only the second
half. In preliminary analyses, all cloned sequences from the same
specimen clustered together, and did not cause trees to be rele-
vantly different from those based only on sequences from direct
PCR (not shown). Because differences between cloned ITS se-
quences were within the range expected by sequencing error
through PCR and phylogenetically inconsequent, we used ITS se-
quences produced directly from PCR products in most cases. How-
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ever, in four cases, (P. elatior #16 and #18, P. grandis #2, P. juliae
#2), one clone showing a complete ITS sequence was selected to
represent the ITS sequence of that sample because the sequences
produced directly from PCR products were of inferior quality.

The rps16-trnK dataset used for phylogenetic analysis com-
prised 970 characters, 837 of which were constant, 66 variable
but parsimony-uninformative, and 67 variable and parsimony-
informative. The trnS-trnG dataset comprised 567 characters, 463
of which were constant, 59 variable but parsimony-uninformative,
and 45 variable and parsimony-informative. The ITS dataset com-
prised 666 characters, 466 of which were constant, 88 variable
but parsimony-uninformative, and 112 variable and parsimony-
informative. It encompassed most of the ITS1, the entire 5.8S rDNA,
and the entire ITS2. No recombination was detected in any of the
three datasets (U > 0.05). We combined the two plastid regions
for all subsequent analyses, modeling them as two partitions.

Examination of the phylograms produced for both datasets re-
vealed that discrepancies between gene trees were limited to
nodes with very poor statistical support (for example, P. vulgaris
was metaphyletic, i.e. neither clearly monophyletic nor non-mono-
phyletic, in the plastid tree and monophyletic in the nuclear tree,
but with non-significant posterior probability in both cases; Figs. 2
and 3). Therefore we also performed phylogenetic analyses on the
combined dataset.

3.2. Selection of substitution models, partitioning scheme and branch
length priors for inference of gene trees

Models selected by AIC were GTR + G for the rps16-trnK and
trnS-trnG data including outgroups, GTR + I for the rps16-trnK and
trnS-trnG data excluding outgroups, SYM + I for the ITS data with-
out outgroups, and we performed Bayesian model selection for
ITS including outgroups as AIC was inconclusive between SYM + G
and GTR + G. The BayesFactor was 1.77, marginally in favor of
GTR + G, which was thus selected as it represents the more param-
eter-rich model (see Supplementary Table 1 for a more inclusive
summary). The concatenated datasets with and without outgroups
were determined to be best partitioned by region (three parti-
tions), where BayesFactors indicated that analyses with l were
preferred for the dataset with outgroups, and without l was pre-
ferred for the dataset without outgroups (Supplementary Table 2).
Branch length priors affected tree length and the estimated mar-
ginal likelihood considerably in the dataset including outgroups
and to a lesser extent in the dataset without outgroups, particu-
larly when exponential prior distributions had unrealistically high
means. Values for k of 200 and 1000 were selected as most appro-
priate for the final runs with and without outgroups, respectively.
Under these priors, the last significant improvements of marginal
likelihood were achieved when progressively decreasing the value
of k (see Supplementary Table 2). It should be noted, however, that
the effect of this prior was nearly restricted to the scaling of the
tree; tree topology and support of individual clades were virtually
the same regardless of branch length prior. See Supplementary Ta-
ble 3 for a summary of settings used in the final analysis runs.

3.3. Topology

The cpDNA phylogeny shows section Primula as clearly mono-
phyletic with a posterior probability of 100%, but its internal struc-
ture is partly unresolved (Fig. 2). The only clades that received
significant support (i.e. P95%) are small groupings of few samples:
two Spanish representatives of P. elatior (6, 15); two representa-
tives of P. megaseifolia (1, 2); both samples of P. grandis included
in the study; all three samples of P. juliae; all three samples of P.
elatior ssp. meyeri; and a clade of P. renifolia and several European
samples of P. elatior (1, 2, 4, 5, 8, 9, 10, 23).
alysis of Primula section Primula reveals rampant non-monophyly among
rg/10.1016/j.ympev.2012.05.015

http://www.genealogicalsorting.org
http://www.genealogicalsorting.org
http://dx.doi.org/10.1016/j.ympev.2012.05.015


Fig. 2. Rooted phylogram from Bayesian Posterior Probability Analysis for the concatenated plastid dataset with outgroup. Numbers above the branches are PP values; thick
branches indicate PP P 95%. The inlay illustrates uncut branch lengths.
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The nrDNA tree (Fig. 3) also presented section Primula as clearly
monophyletic and shows more resolution inside the group,
although not all clades are significantly supported. Well-supported
clades include the three samples of P. megaseifolia, the two samples
of P. grandis, two samples of P. vulgaris ssp. sibthorpii (4, 6), two
samples of P. elatior ssp. meyeri (16, 18), and a large clade contain-
ing part of P. elatior and all representatives of P. veris except one.
Major topological differences between the trees inferred from the
separate genomic datasets are found in the non-monophyly of P.
vulgaris in the cpDNA tree vs. the monophyly of that species in
the nrDNA tree, an even less cohesive P. elatior in the nuclear tree,
and a different position of the root.
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3.4. Similarities between plastid and nuclear data

Plastid and nrITS trees agree in several important regards. Re-
sults from both chloroplast and nuclear datasets show P. elatior
as non-monophyletic with regard to most or all other species. Most
of its sequences form one clade together with P. veris, and in both
phylograms there is another clade of several sequences of P. elatior
that also includes the only sample of P. renifolia. Primula vulgaris
sequences are much less interdigitated with other sequences from
other species. Samples of P. veris are, with the exception of one
sample in the nrITS dataset, restricted to one clade, but strongly
intermingled with part of P. elatior, and both species share haplo-
alysis of Primula section Primula reveals rampant non-monophyly among
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types. Sequences of P. juliae group together and close to those of P.
vulgaris, and the two sequences of P. grandis form a small clade in
both trees (Figs. 2 and 3).

For the three widely distributed species, our analyses indicate
strong genetic heterogeneity for P. elatior compared with stronger
genetic homogeneity of P. vulgaris and P. veris, and a close affilia-
tion of P. veris with part of P. elatior.

3.5. Incongruence between plastid and nuclear data

There are also some apparent discrepancies between the two
tree topologies, including the degree of non-monophyly of species
and patristic distances between them. However, there are no major
disagreements between the topologies of both datasets for which
both arrangements receive significant support; instead, they only
Please cite this article in press as: Schmidt-Lebuhn, A.N., et al. Phylogenetic an
morphologically distinct species. Mol. Phylogenet. Evol. (2012), http://dx.doi.o
show varying degrees of resolution. Primula vulgaris forms a
weakly supported clade in the nrITS tree (Fig. 3), but constitutes
a basal, metaphyletic and thus unresolved assemblage of se-
quences in the plastid tree (Fig. 2). The same is true for P. megasei-
folia, whose three sequences form a small but strongly supported
clade in the nrITS tree (Fig. 3) but are part of the basal assemblage
in the plastid tree (Fig. 2). Similarly, while the plastid phylogram
supports a larger clade consisting of P. grandis, the small P. renifo-
lia/P. elatior clade and the large P. veris/P. elatior clade, the nrITS
phylogram supports a larger clade consisting of the P. vulgaris/P. ju-
liae clade and the large P. veris/P. elatior clade. However, none of
these two topologies achieves significant support, although the lat-
ter is close with a posterior probability of 0.94.

Likewise, different placements of individual samples in the two
phylograms generally have poor support (e.g., Primula veris ssp.
alysis of Primula section Primula reveals rampant non-monophyly among
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columnae #8 and P. vulgaris ssp. vulgaris #12). Consequently, there
are no major differences between the results from plastid and
nrITS data that cannot be explained by lack of resolution.

3.6. Analysis of the combined dataset

The majority rule consensus tree resulting from a combined
analysis shows a higher degree of resolution and more support
for individual clades (Fig. 4). Section Primula is again clearly mono-
phyletic with a PP of 100%. Other well-supported clades include P.
grandis, P. juliae, P. megaseifolia, P. elatior ssp. meyeri, a clade of P.
renifolia and several mostly European samples of P. elatior, and a
large clade of P. veris and P. elatior p.p. The monophyly of P. vulgaris
is uncertain, but it is retrieved as a weakly supported clade to-
gether with P. juliae. Primula veris, P. renifolia, P. grandis and most
of P. elatior form a clade, while the exact relationships of the
remaining three species and of two Spanish samples of P. elatior
are unresolved. Cladistic analysis of the concatenated data in PAUP
produced 10,000 equally parsimonious trees with a length of 645, a
consistency index of 0.795, retention index of 0.890 and rescaled
consistency index of 0.708. The topology of the strict consensus
tree (not shown) is very similar to the results from Bayesian infer-
ence and except in not supporting the large clade encompassing P.
grandis, P. renifolia, P. veris and most of P. elatior. The phylogram
produced with clock rooting in BEAST shows a basal spit between
P. veris, P. renifolia, P. grandis and most of P. elatior on one side and
P. vulgaris, P. juliae, P. megaseifolia and the two Spanish samples of
P. elatior on the other side (not shown), a root position that is
equivalent to that resulting from outgroup rooting.

3.7. Genelogical Sorting Index

An overview of GSI values and levels of significance for all spe-
cies is available in Table 1, except Primula renifolia, for which GSI
cannot be calculated due to lack of replicate samples. For the com-
bined plastid dataset, permutation tests resulted in rejection of the
null-hypothesis that the groups are of mixed ancestry (all
p < 0.001) for all species except P. elatior. However, the GSI was
low for P. megaseifolia and P. vulgaris, indicating a low degree of
exclusive genealogical ancestry, and p-values were not highly sig-
nificant. For both the nrITS dataset and the ensemble of nuclear
and plastid trees, all six species achieved highly significant p-val-
ues, indicating that the null hypothesis could be rejected for all
species, although some species show comparatively low GSI, espe-
cially P. elatior and P. veris.

3.8. Species tree

The species tree inferred by ⁄BEAST consists of two clades, albeit
with low support, one comprising P. juliae, P. vulgaris and P. mega-
seifolia, the latter two as sister species, and the other comprising P.
grandis, P. renifolia and the sister species P. elatior and P. veris
(Fig. 5A). The search for a species phylogeny minimizing deep
coalescences produced six best trees with a score of 69 deep
coalescences (25 from the contained nrITS tree, 44 from the plastid
tree) differing only in the topology of the outgroup. In this recon-
struction, the same two clades are recovered but P. juliae and P.
megaseifolia are sister species, as are P. grandis and P. renifolia
(Fig. 5B).
4. Discussion

The present study explored problems arising from the combina-
tion of phylogenetic isolation and lack of genetic differentiation
among taxonomically distinct species. Our analyses, based on com-
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plete taxon sampling at the subspecific level, broad geographic
sampling, and a combination of methodological approaches, re-
vealed striking non-monophyly of sequence in some of several
widespread but morphologically well-characterized species
(Figs. 2–4). It also serves as a case study to examine the effect of
the choice of branch length prior for Bayesian phylogenetic analy-
ses of isolated ingroups.

4.1. Non-monophyly of haplotypes in species

Reciprocal non-monophyly and sharing of haplotypes between
sister species is an expected transitional stage for diverging lin-
eages (Tajima, 1983; Avise and Ball, 1990; Maddison, 1997), unless
a species diverges through a severe population bottleneck. Even
then, haplotypes in the parental species would at first be paraphy-
letic to those in the newly established population. Empirical data
suggest that mitochondrial haplotypes are non-monophyletic in
ca. 23% of animal species (Funk and Omland, 2003). While a similar
assessment seems to be unavailable for plants, Crisp and Chandler
(1996) concluded that 21% of the Australian plant species they
examined were potentially paraphyletic based on morphological
characters. Over time, genetic drift will progressively lead to line-
age sorting through the extinction of haplotype families in each
species, until haplotypes in sister species become reciprocally
monophyletic. The likelihood of achieving this exclusive ancestry
after a given time is influenced by effective population size (Hud-
son and Coyne, 2002).

Despite this, the observation of non-monophyly has in recent
years prompted taxonomic reassessments or the formal segrega-
tion of para-species into separate cryptic species (e.g., Cranston
et al., 2009; Carstens and Dewey, 2010; Weisrock et al., 2010;
Sakalidis et al., 2011). These taxonomic approaches are motivated
by the desire to identify independent and exclusive lineages as
subjects of evolution and preferred targets of conservation
strategies.

Sequences from all species of which more than two samples
were included in the present study are at least metaphyletic if
not paraphyletic for at least one of the two datasets. The most com-
plicated case is presented by Primula elatior. Its plastid sequences
are, if only significantly supported clades are taken into account,
paraphyletic to P. renifolia and metaphyletic to all other species
(Fig. 2). Its nrITS sequences are paraphyletic to those from P. veris
and metaphyletic relative to all other species (Fig. 3). In the total
evidence analysis, P. elatior is paraphyletic to P. grandis, P. renifolia
and P. veris, and metaphyletic relative to the remaining three spe-
cies (Fig. 4).

This situation is perhaps unsurprising, as P. elatior is also the
morphologically most diverse of the currently accepted species,
and has been divided into the largest number of subspecies and
formerly segregate species (Komarov, 1963; Richards, 2003; Kov-
tonyuk and Goncharov, 2009). Unfortunately, neither subspecific
affiliation nor geographic provenance provide useful clues to the
underlying reasons for the topology of the phylograms. In the ab-
sence of discernible morphological or geographic structure, there
is consequently at present no obvious way of dividing P. elatior into
meaningful lineages that would help explain the origin of the ob-
served non-monophyly of the sequences found in the species in
terms of a wrong taxonomy (McKay and Zink, 2010) currently
being applied (see also Section 4.3 below), even if it were entirely
uncontroversial what ‘‘wrong taxonomy’’ even means and, in par-
ticular, if the criterion of monophyly can meaningfully be applied
to species (Mishler, 1999; Rieppel, 2010).

The remaining explanations for non-monophyly of sequences in
a species are ancestral polymorphism and recent introgression of
haplotypes from another species (Wendel and Doyle, 1998). Re-
sults from the permutation test for significance of the GSI in the
alysis of Primula section Primula reveals rampant non-monophyly among
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ensemble dataset indicate that the null hypothesis of mixed ances-
try can be rejected for P. elatior despite the non-monophyly of its
sequences relative to other species, failure of the GSI test for the
plastid dataset alone and overall fairly low GSI values (Table 1).
This would imply that our results are compatible with the assump-
tion that the species is forming an independent lineage and not sig-
nificantly introgressing with the other species. It should be noted
that P. elatior supplied the largest number of samples of all species
to our study, and the probability of observing significant GSI values
Please cite this article in press as: Schmidt-Lebuhn, A.N., et al. Phylogenetic an
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actually decreases with increasing group size (Cummings et al.,
2008).

If all samples of P. elatior were removed from the phylograms,
levels of non-monophyly would decrease markedly: All other spe-
cies except P. vulgaris and P. megaseifolia would be monophyletic
on the plastid tree, all except P. veris on the nrITS tree, and all spe-
cies would be metaphyletic or monophyletic on the tree from con-
catenated analysis. This could be interpreted as additional support
for ancestral polymorphism as the main cause of non-monophyly,
alysis of Primula section Primula reveals rampant non-monophyly among
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Table 1
Genealogical Sorting Index (values) and significance levels (symbols) for rejection of
the null-hypothesis of mixed ancestry. n.s. indicates non-significant. Primula renifolia
is represented with only one sample in our datasets, and therefore, no GSI values
could be calculated.

Species nrITS Combined plastid Both genomes

Primula elatior 0.207*** 0.067 (n.s.) 0.137***

P. grandis 1.000*** 1.000*** 1.000***

P. juliae 0.483*** 1.000*** 0.742***

P. megaseifolia 1.000*** 0.089* 0.544***

P. veris 0.255*** 0.462*** 0.359***

P. vulgaris 1.000*** 0.096* 0.548***

* p < 0.05.
*** p < 0.001.
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Fig. 5. Species tree of section Primula as inferred by a ⁄BEAST analysis (A) and
minimizing deep coalescences (B). Numbers above branches in A are Bayesian
posterior probabilities.
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with P. elatior as the paraphyletic remnant of the sections’s ances-
tral species and all other species as genetically more homogeneous
recent segregates.

On the other hand, P. elatior, P. veris and P. vulgaris are known to
hybridize frequently (Heslop Harrison, 1931; Smith et al., 1984;
Gurney et al., 2007). Although the hybrids often show reduced fer-
tility (Valentine, 1952, 1955), it is currently unclear to what degree
they backcross into the parental species, and the two species that
are most commingled genetically, P. veris and P. elatior, are also
the two that are most difficult to cross of the three extra-Caucasian
species (Valentine, 1952), introgression and chloroplast capture
might be expected. From this perspective, sequences from P. elatior
found in the clades containing P. veris and P. vulgaris could have
introgressed from those species. This interpretation would suggest
a biased flow of genes between species, as, for example, not much
introgression would appear to have taken place into P. vulgaris (but
see Fig. 2 for one exception). Alternatively, the signature of
Please cite this article in press as: Schmidt-Lebuhn, A.N., et al. Phylogenetic an
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introgression may be obscured through concerted evolution of
nrITS sequences (Hamby and Zimmer, 1992).

Based on our data, it is thus not possible to decide whether the
rampant non-monophyly of P. elatior is due to hybridization,
ancestral polymorphism, or both processes, although the ensemble
GSI indicates that the results would be compatible with ancestral
polymorphism. Future studies using genomic data or population
genetic approaches may help to address the issue more decisively.

4.2. Phylogeny of the section

As in previous studies (Mast et al., 2001, 2006; Kovtonyuk and
Goncharov, 2009), gene trees (Figs. 2 and 3) as well as the tree pro-
duced from the concatenated dataset (Fig. 4) show a section Prim-
ula including P. grandis as a clade situated on a very long branch,
but with very short internal branches. While the other species
are comparatively similar to each other morphologically, this situ-
ation is more surprising for P. grandis with its unusual occurrence
of farina and its homostylous, pendent flowers, suggesting fast evo-
lution of characters in that species, perhaps in relation to a shift in
pollination syndrome.

A clear resolution of the phylogeny of section Primula is ham-
pered by the non-monophyly of P. elatior in relation to all other
species, discrepancies between nuclear and plastid data, and, in
particular, rooting problems arising from the combination of low
sequence divergence within the section and its very strong diver-
gence from the outgroup. This latter problem expresses itself in
the recovery of basal polytomies from phylogenetic analyses
(Fig. 4). Nevertheless, under the caveat of these uncertainties, both
the phylogram based on the concatenated datasets (Fig. 4) and the
species trees (Fig. 5) can yield some insights.

Perhaps the taxonomically most surprising result is that P. ren-
ifolia does not seem to be closely related to P. megaseifolia, as sug-
gested by Komarov (1963). Smith and Fletcher (1948) even
considered the plants to be conspecific. Instead, the only sample
of P. renifolia included in this study falls into a clade of Caucasian
to European samples of P. elatior, which is in turn part of a larger
clade containing all of P. veris, P. grandis and most of P. elatior
(Fig. 4). These four species are also grouped into one clade in the
species trees, which also show P. elatior and P. veris as sister species
(Fig. 5). This suggested relationship comes as no surprise under the
assumption of no hybridization that underlies available species
tree methods (e.g., Maddison, 1997), as virtually all samples of P.
veris and the majority of samples of P. elatior are found in one clade
in both gene trees (Figs. 2 and 3), implying a very recent divergence
of the former species with unfinished lineage sorting.

The remaining three species (P. juliae, P. megasaeifolia, P. vulga-
ris) may be closely related to each other as indicated by the species
trees (Fig. 5), but the gene trees and the phylogram from the total
evidence analysis (Fig. 4) are ambiguous on their position and
place them on polytomies or in very weakly supported clades. A fi-
nal assessment will have to be withheld until additional data are
available. A sister group relationship of P. juliae and P. vulgaris, as
suggested by the phylogram based on the concatenated datasets
(Fig. 4) but not by the species trees (Fig. 5), would, however, make
sense from a morphological perspective, as they are the only spe-
cies in the section that do not produce their flowers in umbels –
P. renifolia at first sight also appears to have solitary flowers, but
according to Richards (2003) the scape is merely very short and
elongates when the plant is fruiting.

4.3. Taxonomic considerations

The unambiguous position of P. grandis among the species of
section Primula in all molecular analyses suggests that, despite
the striking morphological differences, recognition of a separate,
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monotypic section Sredinskya, as still found in Richards (2003), is
untenable, because it would most likely make remaining section
Primula paraphyletic.

In those cases where multiple samples of the various subspecies
of P. veris, P. vulgaris and P. elatior were available, they generally do
not show any apparent genetic differentiation from each other
(e.g., see the position of the representatives of P. elatior ssp. pseudo-
elatior and ssp. pseudoelatior in Fig. 4). It is thus unlikely that any of
the current subspecies are better treated as segregate species, e.g.
P. macrocalyx Bunge or P. amoena M. Bieb., as the sequence data
available in the present study does not give any indication of them
forming independent lineages.

On the other hand, sequences from P. elatior fall into different
clades in all trees, with most of the affiliations of the individual
samples congruent between nrITS and plastid analyses: most se-
quences fall into a clade together with P. veris, which is spread over
all of temperate Eurasia; a smaller group dominates the clade con-
taining P. renifolia, found only in samples from Western Europe to
the Caucasus, and the remaining few, from Spanish and Caucasian
samples, are scattered over the rest of the phylograms (Figs. 2–4).
Some taxonomists advocate the formal recognition of every mono-
phyletic group of individuals (if this term can be applied within
species in the first place; i.e. effectively of every independently
evolving lineage), no matter how morphologically cryptic (e.g.,
Mishler, 1999; Sakalidis et al., 2011), and would perhaps suggest
assigning some taxonomic status to the groups of individuals of
P. elatior appearing in separate clades together with P. veris or P.
renifolia, respectively. Unfortunately, not only are the clade affilia-
tions of sequences in this case completely at odds with subspecies
affiliation and thus to the distribution of many morphological char-
acters that can be assumed to also be evidence of relatedness, but
such a solution would also leave behind a remnant of disparate
individuals not belonging to either clade. It thus seems preferable
to maintain a broad circumscription of P. elatior while acknowledg-
ing its much larger genetic and morphological heterogeneity in
comparison to the other species of the section, at least until a more
extensive study can be conducted.
4.4. Branch length priors

Phylogenetic analyses were complicated by the combination of
low sequence divergence in the ingroup and a high degree of isola-
tion from any outgroup sample, leading to difficulties with the
recovery of realistic branch lengths (Brown et al., 2010; Marshall,
2010; Rannala et al., 2012). This problem is of most concern when
absolute branch lengths or absolute mutation rates are of interest
(Brown et al., 2010). For our dataset, the degree of sequence diver-
gence, measured by branch lengths in expected number of substi-
tutions per site, was greatly affected by the prior on branch lengths
(Supplementary Table 2). Default MrBayes branch length priors
would have resulted in an overestimation of overall sequence
divergence of orders of magnitude. These results illustrate that
incorrectly specified priors can heavily bias the observed amount
of phylogenetic differentiation among taxa, warranting careful
specification of priors (Rannala et al., 2012).
5. Conclusions

With Primula elatior, Primula sect. Primula presents a particu-
larly striking example of species non-monophyly, in that the spe-
cies is non-monophyletic with regard to most, if not all, others of
its section. Three possible explanations of species non-monophyly
are usually suggested: ancestral polymorphism, incomplete repro-
ductive isolation and ‘wrong’ taxonomy. Because the Genealogical
Sorting Index for this species is significant in the ensemble analy-
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sis, and because there is no apparent geographic or morphological
signal in its genetic structure, it is possible that introgression plays
only a minor role and that P. elatior as currently circumscribed is
the disjointed remnant of the ancestral species of the entire sec-
tion. On the other hand, available data do not permit to decisively
rule out a greater role for introgression, and it could also be argued
that the diverse clade affiliations of samples from P. elatior reflect
introgression events from other species. It is interesting to note
that the species’ genetic heterogeneity is mirrored by its morpho-
logical diversity and complicated taxonomic history. However, cur-
rently no convincing alternative to the treatment as one species
presents itself, and the other species of the section are morpholog-
ically much more divergent than the current subspecies of P. elat-
ior. After removal of all samples of P. elatior, no other species of
section Primula would be strongly non-monophyletic, although
levels of resolution differ between nuclear and plastid datasets.
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