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Abstract Molecular markers are routinely used to assess
levels of diversity within and among populations, particu-
larly with regard to species of conservation concern.
However, when interpreting the level and partitioning of
diversity observed, an implicit assumption is often made
that the populations of the species in question form a
monophyletic group. We tested this assumption in three
endemics of Antirrhinum (A. charidemi, A. subbaeticum,
and A. valentinum) using 79 nuclear [internal transcribed
spacer (ITS)] and 85 plastid (psbA-trnH, trnT-trnL, trnK-
matK, trnS-trnG) sequences representing multiple acces-
sions of each of 24 Antirrhinum species (single accession
of A. cirrhigerum). These species share six life history
traits implicated in levels of genetic diversity, and have
been the subject of previous population genetic studies.
Populations of all three species formed monophyletic
groups on ITS analysis. In contrast, none of the three
species formed monophyletic groups on plastid sequence
analysis: populations of A. charidemi fall in a monophy-
letic group including one accession of A. mollissimum,
populations of A. subbaeticum form a polyphyletic group
with plastid sequences shared with A. pulverulentum, and
populations of A. valentinum are unresolved within a clade
containing six other species. Lack of monophyly using
plastid sequences is interpreted as a combination of shared
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ancestral polymorphism and hybridization in a reticulate
evolutionary history of these species. Monophyly in the
ITS tree may reflect a more recent sequence homogeniza-
tion. We draw attention to the evaluation of species
monophyly alongside the contribution of other life history
traits in the historical interpretation of the level and parti-
tioning of genetic diversity, and its use in recommendations
for species conservation programs.
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Introduction

In what are now considered classic articles, Hamrick et al.
(1979, 1992), Loveless and Hamrick (1984), and Hamrick
and Godt (1989, 1996) summarized available information
on genetic diversity within and among plant populations to
establish which life history traits had a profound and sig-
nificant effect on the level and distribution of diversity
observed. Significant effects were described in 8 out of 12
traits examined (Hamrick et al. 1979), and subsequent
papers have led to similar conclusions based upon a wide
range of currently available molecular techniques (Nybom
2004). However, Hamrick et al. (1992) and Hamrick and
Godt (1996) also pointed out that genetic diversity main-
tained by a species is a function not only of its life history
traits [which explain, for example, about 34% of variation
detected in woody species (Hamrick et al. 1992)] but must
also depend heavily on species ecological and evolutionary
history.

In these reviews, the unit of study is almost invariably
the taxonomic species (in the sense of Mayden 1997). In
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many countries, the taxonomic species is currently the
basic unit of assessment for conservation, and is the subject
of the majority of conservation legislation and conservation
management planning protocols (Isaac et al. 2004; Mace
2004; Garnett and Christidis 2007). However, studies of
genetic diversity may be of limited interpretative value if
the study species is poorly known, and an implicit
assumption is made that the species populations form a
natural (monophyletic) group, which means they have a
single origin, being more closely related to each other than
to any population of a different species (Doyle 1992; Funk
and Omland 2003). If the study species is an artificial
population assemblage, then the level and distribution of
genetic diversity may not reflect population genetic pro-
cesses within an assumed natural group (Arnold 1997,
Rieseberg 1997). If no knowledge of species monophyly is
available, then interpretation of the patterns of diversity
observed will be incomplete: population genetic structure
may primarily reflect the causes of species nonmonophyly
rather than population diversity, life traits, and ecological
variables (Hamrick et al. 1979). This could seriously
impede interpretation of the levels of genetic diversity
within taxonomic species.

Species evolutionary history can be inferred with
increasingly sophisticated molecular phylogenetic analyses,
using complementary loci from up to three different plant
genomes (Savolainen and Chase 2003; Hughes et al. 2006).
There are several reasons why nonmonophyletic groups are
recovered in such reconstructions. These can be of a tech-
nical and/or analytical nature (e.g., inadequate phylogenetic
signal in the markers used, analysis of unrecognized para-
logous genes, imperfect taxonomy, widespread hybridiza-
tion processes in angiosperms, or detection of previously
undetected cryptic taxa) (Goodwillie and Stiller 2001;
Treutlein et al. 2003; Alvarez et al. 2005). Having detected
such sources of error, suitable phylogenetic analyses are
essential to observe the signal of evolutionary events that
have impacted on lineage diversification and therefore
species monophyly. For instance, it has been documented
that hybridization with Bertya rosmarinifolia increased
levels of genetic diversity in one of the three known
populations of the endangered B. ingramii (Fatemi and
Gross 2009).

The genus Antirrhinum L. consists of 25 perennial
species primarily distributed throughout the western Med-
iterranean Basin, with 23 species occurring in the Iberian
Peninsula (Sutton 1988; Giiemes 2009). Phylogenetic
reconstructions have generally included single accessions
of each taxon, and have revealed little infrageneric struc-
ture (Vargas et al. 2004; Jiménez et al. 2005) with some
authors proposing that speciation in Antirrhinum is recent,
geographically structured, and reticulate (Webb 1971;
Jiménez et al. 2005; Vargas et al. 2009). Antirrhinum
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species are perennial herbs or small shrubs having identical
chromosome number (2n = 16), with most species con-
sidered self-incompatible and bee-pollinated (Vargas et al.
2010). Many species are either geographically restricted or
narrow endemics, with a total of eight species included in
the Red List of Spanish Vascular Flora (Moreno 2008).
Genetic diversity within Antirrhinum has been extensively
evaluated using allozyme markers and RAPD (Random
Ampliefied polymorphic DNA) (Table 1), allowing com-
parative assessment of genetic diversity between species
with similar life history traits.

In this article, we used nuclear (ITS) and plastid (psbA-
trnH, trnT-trnL, trnK-matK, trnS-trnG) gene sequences
from multiple individuals of 24 species of Antirrhinum
(single accession of A. cirrhigerum) to investigate whether
population genetic structure is related to the level of
monophyly detected in three endemic snapdragon species
from southeast Iberia (A. charidemi, A. subbaeticum, and
A. valentinum). Specifically, we tested whether popula-
tions of the three species form monophyletic groups
using nuclear ITS and plastid sequences, and whether
monophyly gives insights into evolutionary histories not
apparent from genetic diversity estimates alone. The three
species selected to test the hypothesis of nonmonophyly
affecting levels of genetic variation have similar life
history traits but show remarkably different levels of
allozyme diversity (Tables 1, 2). They share six out of the
eight life history traits shown to have a significant effect
on genetic diversity (Hamrick et al. 1979; Table 2). These
species differ in their mating system: A. charidemi and
A. valentinum are mainly outcrossers due to self-incom-
patibility, while A. subbaeticum is a self-compatible spe-
cies with a mixed mating system (Carri6 et al. 2009).
Furthermore, A. subbaeticum is not considered a “narrow”
endemic as it is represented by two groups of populations
separated by ca. 44 km with an extent of occurrence of ca.
200 km?, although its area of occupancy is <15 km?,
whereas A. charidemi and A. valentinum are restricted to
areas of 15 and 4 km in length, respectively. Differences
in allozyme genetic diversity among these taxa have been
reported (Table 1): A. charidemi had a high degree of
intraspecific genetic diversity and little differentiation
among populations; A. subbaeticum exhibited low levels
of intraspecific genetic diversity and high differentiation
among populations; and A. valentinum had a high level
of intraspecific genetic diversity and high population
divergence (Mateu-Andrés and Segarra-Moragues 2000;
Mateu-Andrés 2004). The three species are considered as
endangered in the Red List of Spanish Vascular Flora
(Moreno 2008). A clear taxonomic delimitation in the
three species has been recognized in all revisions of
the Antirrhinum species (Rothmaler 1956; Sutton 1988;
Giiemes 2009).
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Table 1 Reproductive system and details of population genetic parameters estimates for 16 species of Antirrhinum

Taxon Rep.  Reference Marker N pops. Hr Gst D/HW  Reference
A. charidemi pSI Carri6 et al. (2009) Allozyme 5 0.103  0.054 4721 Mateu-Andrés and Segarra-
Moragues (2000)
A. cirrhigerum pSC  Vieira and Charlesworth Allozyme 3 0.190 0.132  2/13 Mateu-Andrés and de Paco
(2001) (2006)
A. graniticum® SI Vieira and Charlesworth Allozyme 3 0.130 0.110 0/14 Mateu-Andrés and Segarra-
(2001) Moragues (2003)
A. graniticum® Allozyme 3 0.090 0.080 0/14 Mateu-Andrés and Segarra-
Moragues (2003)
A. graniticum® Allozyme 10 0.190 0.210 3/14 Mateu-Andrés and Segarra-
Moragues (2003)
A. latifolium SI Mateu-Andrés and de Paco  Allozyme 8 0.140 0.093 2/13 Mateu-Andrés and de Paco
(2006) (2006)
A. linkianum pSC  Vieira and Charlesworth Allozyme 6 0.160 0.176  2/13 Mateu-Andrés and de Paco
(2001) (2006)
A. litigiosum SI Mateu-Andrés and de Paco  Allozyme 5 0.280 0.148  2/13 Mateu-Andrés and de Paco
(2006) (2006)
A. lopesianum SI Mateu-Andrés (1999) Allozyme 1 0.193 na na/l4 Mateu-Andrés (1999)
A. majus SI Mateu-Andrés and de Paco Allozyme 0.190  0.100  1/13 Mateu-Andrés and de Paco
(2006) (2006)
A. microphyllum SI Torres et al. (2002) Allozyme 4 0.520 0.040 na/l4 Mateu-Andrés (1999)
A. microphyllum Allozyme 4 0469  0.056  2/13 Torres et al. (2003)
A. microphyllum RAPD 4 0.188 0.076 - Torres et al. (2003)
A. mollissimum SI Mateu-Andrés (1999) Allozyme 7 0.280 0.110 na/l4 Mateu-Andrés (1999)
A. pertegasii - Allozyme 4 0.080 0.060 2/14 Mateu-Andrés (2004)
A. pulverulentum  SI Carri6 et al. (unpublished) Allozyme 5 0.300 0.230 7/14 Mateu-Andrés (2004)
A. siculum SC Harrison and Darby (1955) Allozyme 8 0.030 0270 2/13 Mateu-Andrés and de Paco
(2006)
A. subbaeticum SC Carrio et al. (2009) Allozyme 3 0.070 0.850 0/14 Mateu-Andrés (2004)
A. subbaeticum RAPD 4 - 0.822 - Jiménez et al. (2002)
A. tortuosum® SI Mateu-Andrés and de Paco ~ Allozyme 15 0.200 0.081  7/13 Mateu-Andrés and de Paco
(2006) (2006)
A. valentinum pSI Carri6 et al. (2009) Allozyme 5 0.178  0.480 0721 Mateu-Andrés and Segarra-

Moragues (2000)

Rep reproductive system: SI self-incompatible, SC self-compatible, pSC partially self-compatible, pSI partially self-incompatible. Marker
genetic markers used in original study, N pops. number of populations studied in original study, Hr total diversity at species level, Ggr allele
frequency differences among populations averaged across populations, D/HW number of loci that deviate from Hardy—Weinberg equilibrium in

at least one population (compared with the number of loci interpreted)

? Treated as A. graniticum Rothm. ssp. ambiguum (Lange) Mateu & Segarra, A. graniticum Rothm. ssp. brachycalyx D.A. Sutton, and
A. graniticum Rothm. ssp. graniticum in Mateu-Andrés and Segarra-Moragues (2003), respectively

® Genetic diversity data of A. fortuosum included A. australe populations, according to Mateu-Andrés and de Paco (2006), therefore estimates
for the former species may be artificially elevated and may account for the high number of loci deviating from Hardy—Weinberg equilibrium

Materials and methods
Sampling

A total of 85 accessions representing 24 Antirrhinum spe-
cies were sampled for phylogenetic reconstructions
(Table 3). A rare species, A. martenii (Font Quer) Rothm.,
was not included in the study, because only the type
material is available (Rothmaler 1956). Sampling strategy
was based on morphological studies (Gliemes 2009) and a

criterion of collecting at the locus classicus of each species
(see also Vargas et al. 2009). The number of individuals
sampled of each species ranged from two to eight (single
accession of A. cirrhigerum), being from geographically
separate populations (Fig. 1; Table 3). Four individuals of
the related genera Chaenorhinum, Gambelia, Misopates,
and  Pseudomisopates (C. crassifolium, G. speciosa,
M. orontium and P. rivas-martinezii) were used as out-
group samples, according to a previous phylogenetic study
(Vargas et al. 2004, 2009).
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Table 2 Details of 12 life history traits (Hamrick et al. 1979) for the three studied species (Antirrhinum charidemi, A. subbaeticum, and

A. valentinum)

A. charidemi

A. subbaeticum

A. valentinum

1 Taxonomic status Dicots® Dicots® Dicots®

2 Geographic range Narrow" Regional® Narrow"

3 Generation length Perennial® Perennial® Perennial®

4 Mode of reproduction Sexual® Sexual® Sexual®

5 Mating system Outcrosser’ Mixed mater” Outcrosser’

6 Pollination mechanism Entomophilous® Entomophilous® Entomophilous®

7 Fecundity 10%-10° seeds/plant® 10%-10° seeds/plant® 10%-10° seeds/plant®
8 Seed dispersal mechanism Boleoanemochory* Boleoanemochory® Boleoanemochory*
9 Chromosome number 2n = 16 2n = 16° 2n = 16"

10 Successional stage Late® Late® Late?

11 Habitat type Mesic? Mesic® Mesic?

12 Cultivated status Noncultivated” Noncultivated® Noncultivated”

The eight life history traits identified by Hamrick et al. (1979) as significantly affecting the level and distribution of genetic variation, and those

that differ among the studied species, are shown in bold
4 Giiemes (2009)

® Carri6 et al. (2009)

¢ Carri6 et al. (unpublished)

4 Sutton (1988)

¢ Sanchez-Gémez et al. (2003)
" Diosdado et al. (1994)

€ Coy et al. (1997)

b Boscaiu et al. (1997)

DNA extraction, gene amplification, and sequencing

DNA was extracted from 20-25 mg leaf material using the
DNeasy Plant Mini Kit (Qiagen) following the manufac-
turer’s protocol. DNA was amplified via polymerase chain
reaction (PCR) on a Perkin Elmer PCR System 9700
thermal cycler. We obtained and analyzed 89 psbA-trnH,
89 trnT-trnL, 2 trnK-matK, and 6 trnS-trnG sequences
(Table 3). GenBank accession numbers are given in
Table 3. The psbA-trnH intergenic spacer was amplified
using the primers of Hamilton (1999), and the #rnT-trnL
intergenic spacer using primers a and b of Taberlet et al.
(1991). Reactions included 1 pl dimethyl sulfoxide
(DMSO) at 99.9% in each 25 pl reaction. The thermocy-
cling profile consisted of initial denaturation at 94°C for
5 min, followed by 30 cycles of denaturation at 94°C for
1 min, annealing for 2 min (50°C for trnT-trnL, 58°C
for psbA-trnH), and extension at 72°C for 2 min, followed
by a final extension at 72°C for 10 min and storage at 4°C.
Amplified products were purified using spin filter columns
(MoBio Laboratories) following the manufacturer’s
protocol, and directly sequenced with dye terminators
(Big Dye Terminator v. 2.0, Applied Biosystems) using an
Applied Biosystems Prism Model 3700 automated
sequencer. Procedures used for DNA sequencing of the

@ Springer

trnK-matK spacer and the trnS-trnG spacer are given in
Vargas et al. (2009).

Data analysis

Two matrices were constructed to perform phylogenetic
analyses: one with 89 sequences (85 of Antirrhinum, 4 of
the outgroup) of each plastid region (psbA-trnH, trnT-trnL,
trnK-matK, trnS-trnG), and the other one with 81
sequences (79 of Antirrhinum, 2 of the outgroup) of the
nuclear ribosomal ITS region (Table 3). We obtained 87
trnK-matK, 83 trnS-trnG, and all ITS sequences from two
previous phylogenetic analyses (Vargas et al. 2004, 2009;
Table 3). Sequences were corrected and aligned manually
using BioEdit Sequence Alignment Editor 7.0.9 (Hall
1999). Alignments were adjusted manually to minimize the
number of gaps following the logic of Kelchner (2000).
Phylogenetic analyses were performed using maximum
parsimony (MP) as implemented in PAUP* (Swofford
2002) and Bayesian inference (BI) as implemented in
MrBayes v.3.1.2 (Ronquist and Huelsenbeck 2003).
MrModeltest v.2.1 was used to determine appropriate
models of sequence evolution for each dataset (Posada and
Crandall 1998; Nylander 2004) via bottom-up strategy of
hierarchical likelihood ratio test and Akaike information
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Fig. 1 Geographical
distribution of the 85
populations of the 24
Antirrhinum species sampled
for the molecular data.

a Populations mainly sampled
in the Iberian Peninsula.

b Populations mainly sampled
outside the Iberian Peninsula

criterion (AIC; Akaike 1979). When different evolutionary
models were obtained by different criteria, each dataset
was analyzed under both models. The analyses based on
different models displayed the same topologies differing
only in support values, thus the tree topologies and clade
supports presented are those obtained from applying the
evolutionary model selected by AIC. Pairwise sequence
divergence for both nuclear (ITS) and plastid (psbA-trnH/
trn'T-trnL/trnT-trnL/trnS-trnG) sequences were calculated
under the common model retrieved by Mr. Modeltest,
using the program PAUP* (Swofford 2002).

For MP analysis, heuristic search was conducted with
100 times random-addition sequences, tree-bisection
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reconnection (TBR) branch swapping, and the “MulTrees”
and “Steepest Descent” options in effect. All trees col-
lected were combined and used as starting trees, with
“MulTrees” on and no tree limit (these trees were then
swapped to completion) and “Sub-tree-Pruning-Regraft-
ing” (SPR; Salamin et al. 2003). Internal support was
assessed using 1,000 replicates with simple taxon addition
and SPR branch swapping, but permitting only ten trees per
replicate to be held (Chase et al. 2003).

For BI both data matrices were run for 3,000,000
generations [four Markov chain Monte Carlo (MCMCO),
chain temperature = 0.2; sample frequency = 100]. A
50% majority rule consensus tree was calculated from the
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pooled sample using the “sumt” command to yield the
final Bayesian estimate of phylogeny.

As previous studies have identified different copies of
ITS within individual accessions and interpreted these as
evidence of the failure of concerted evolution after hybrid-
ization in the evolutionary history of recently evolved
lineages (Fuertes Aguilar et al. 1999), the number and
position of ITS additivities were assessed.

Results

Characteristics of nuclear (ITS) and plastid (psbA-trnH,
trnT-trnL, trnK-matK, trnS-trnG) sequences

Detailed information on the nuclear and plastid sequences
obtained is given in Table 4. Within Antirrhinum, ITS
sequence divergence ranges from 0.00% to 3.90%. psbA-
trnH, trnT-trnL, trnK-matK, and trnS-trnG  sequence
divergence varied from 0.00% to 3.71%. Mean sequence
divergence within A. charidemi, A. subbaeticum, and
A. valentinum was 0.00%, 0.96 &+ 0.37%, and 0.82 =+
0.53% for ITS, and 0.02 &+ 0.00%, 0.40 £ 0.29%, and
0.14 £ 0.04% for the combined plastid regions, respectively.

Phylogenetic analysis

The BI and MP analysis of ITS sequences yielded similar
topologies, with BI displaying higher support values
(Fig. 2). The BI analysis using GTR + I + G as the sim-
plest model of DNA evolution reached equilibrium after
350,000 generations. Six species displayed either mono-
phyly or identity of ITS sequences: the four accessions of
A. charidemi (identical sequences), the four accessions of
A. subbaeticum, with 88% posterior probability (PP) and
57% bootstrap value (BS), and the five accessions of
A. valentinum, with 100% PP and 68% BS; well-supported
monophyletic groups were also retrieved for A. braun-
blanquetii (99% PP, 81% BS) and A. sempervirens (97% PP,
61% BS); the two accessions of A. mollissimum formed a
monophyletic group with 95% PP but low BS support

(<50% BS). Within A. subbaeticum two subgroups were
identified: one was well supported (100% PP, 93% BS),
while the other was weakly supported (100% PP, <50% BS).

Nucleotide additivity in ITS (i.e., double peaks in the
chromatograms) was present in 56 of the 79 accessions of
Antirrhinum. These additivities occurred at 44 of the 55
parsimony-informative sites. No additivities were detected
in the four accessions of A. charidemi, while two of the
four accessions of A. subbaeticum showed a single addi-
tivity, and three of the five accessions of A. valentinum
showed eight, two, and three additivities sites, respectively
(Table 5).

A majority rule consensus tree for plastid sequences
obtained from BI under the GTR (psbA-trnH, trnK-matK),
GTR + 1+ G (¢rnT-trnL), and GTR + G (trnS-trnG)
model is shown in Fig. 3. The BI analysis reached equilib-
rium after 500,000 generations. Plastid sequence data do not
clearly support monophyly of any of the species of Antir-
rhinum. However, all accessions of A. charidemi were
located in a well-supported clade (100% PP, 60% BS) that
also included a single accession of A. mollissimum. In
A. subbaeticum, accessions 3 and 4 were clustered together
with 100% PP and 87% BS, but were unresolved with regard
to other accessions. The other two accessions (1 and 2) of
A. subbaeticum were identical to a single accession (4) of
A. pulverulentum, and were located in a well-supported
clade (100% PP, 98% BS). In A. valentinum, two well-
supported clades were identified: one formed by acces-
sions 1 and 5 with 100% PP and 86% BS, and the other one
containing accesions 2 and 3 with 99% PP and 67% BS.
Accession 4 was not resolved into strongly supported
groups. The plastid sequence analysis therefore revealed
lack of monophyly for populations of the three species.

Discussion

Testing monophyly at the species level

ITS accessions of the three study species of Antirrhinum
formed three monophyletic groups (Fig. 2), which supports

Table 4 Sequence characteristics obtained from the analysis of ITS, psbA-trnH, trnT-trnL, trnK-matK, and trnS-trnG in Antirrhinum

ITS psbA-trnH trnT-trnL trnK-marK trnS-trnG
Length range (bp) 578-595 228-299 613-624 1,255-1,267 662-665
Aligned length (bp) 599 311 636 1,267 667
No. variable/informative characters 109/55 37/31 30720 28/49 19/39
Informative indels (no. bp) 2 (1-16) 12 (1-12) 7 (1-7) 1(12) 0
Mean G + C content 60.6% 28.6% 27.2% 34.2% 32.0%
Simplest model® GIR +1+G GTR GIR +1+G GTR GIR + G

4 Akaike information criterion (Akaike 1979)
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Fig. 2 Phylogenetic analysis of ITS sequences of Antirrhinum
species based on the 50% majority consensus tree from BI analysis.
Above branches posterior probabilities, below branches bootstrap
support >50% of the strict consensus tree of 89,540 MP trees
[confidence interval (CI) 0.56; retention index (RI) 0.73; 263 steps].
Incongruence between the BI tree and the MP strict consensus tree or
bootstrap support <50% is indicated with a hyphen below branches.
Population numbers are given in brackets after species name (see
Table 3). Species symbol follow each accession (see Fig. 1).
A. charidemi, A. subbaeticum, and A. valentinum are shown in bold

the morphological and taxonomical boundaries of these
species. In contrast, analyses of the plastid sequences did
not reveal monophyly for any of the study species, poten-
tially reflecting different evolutionary histories. Several
processes have been proposed as potential mechanisms for
retrieving nonmonophyletic groups at the species level
estimated for nuclear and plastid phylogenies. Particularly
in plants, lack of congruence between nuclear and plastid
data sets and the fact that identical plastid sequences are
shared among unrelated species suggest that lineage sort-
ing, hybridization, or a combination of both processes may
be responsible (Hardig et al. 2000; Linder and Rieseberg
2004).

In A. charidemi, a shared history for populations is
suggested by plastid sequences, as they occur in the same
clade and have high similarity. The occurrence of a single
accession of A. mollissimum in this clade may reflect
hybridization between these species, as they are geo-
graphically proximal (Fig. 1). A more complex evolution-
ary history is interpreted in the case of A. subbaeticum.
This species clearly consists of two related lineages, as
recognized not only in ITS sequence analysis but also in
allozyme (Mateu-Andrés 2004) and RAPD (Jiménez et al.
2002) analyses. These populations also show some evi-
dence of the effects of inbreeding, with very low allozyme
and RAPD diversity. However, our plastid reconstruction
reveals topological incongruence with the ITS tree,
including a close relationship between two populations of
A. subbaeticum and one of A. pulverulentum (identical
plastid sequences). The low number of ITS additivities in
A. subbaeticum accessions (Table 5) does not give support
for recent hybridization events, and the fact that a high
number of characters (17-18) separate the plastid sequen-
ces of the two lineages is difficult to explain by mecha-
nisms such as lineage sorting. Nevertheless, these two
mechanisms (hybridization versus lineage sorting) have
been historically invoked as responsible for topological
incongruence between genome phylogenies (Doyle 1992;
Rosenberg 2002; Degnan and Rosenberg 2009). As rec-
ommended (Maddison and Knowles 2006), a sample
increase of populations and DNA regions, by considering
those of Vargas et al. (2009), and the use of coalescence
methods do not alleviate the problem of lineage sorting.

Thus, ancient hybridization between these populations of
A. subbaeticum and A. pulverulentum (see also Fig. 3) or a
related ancestral taxon is a more parsimonious explanation
for the distribution of these plastid sequences resulting
in a nonmonophyletic group for plastid sequences of
A. subbaeticum and a weakly supported ITS group. In
A. valentinum, despite strongly supported monophyly for
ITS sequences, plastid sequences were unresolved within a
clade containing six other species that are widespread in
southeast Iberia due to a low number of informative
characters rather than character incongruence. This makes
it difficult to distinguish unequivocally between the effects
of lineage sorting and hybridization as an explanation for
nonmonophyly. However, evidence from intra-individual
ITS variation supports recent or contemporary hybridiza-
tion in A. valentinum: three of the five accessions of this
species contain ten ITS additivities (Table 5).

Hybridization has been historically suggested as signif-
icant in Antirrhinum evolution because: (1) plants display
intermediate morphological characters in nature (Rothmaler
1956; Webb 1971), (2) reproductive barriers between any
species pair are weak in nature and under experimental
conditions (Baur 1932; Rothmaler 1956; Sutton 1988; Xue
et al. 1996), (3) high number of ITS additivities is common
in overlapping geographical areas of many species (Vargas
et al. 2009), and (4) additivity patterns are well docu-
mented through analysis of ITS clones (Vargas et al. 2004;
Vargas et al. unpublished) and fingerprints (Jiménez et al.
2005). Moreover, nuclear and plastid phylogenies are
incongruent, and plastid haplotype variation reflects
geography rather than species taxonomy (Vargas et al.
2009). This scenario is not unexpected in genera that have
undergone recent diversification since the onset of the
Mediterranean climate 2-3 Ma, as reported for Antirrhi-
num (Vargas et al. 2009), which additionally has some
species still involved in hybrid zones in the Pyrenees
(Whibley et al. 2006).

The question remains as to whether lack of single
ancestry characterizes Antirrhinum species or is a common
pattern in angiosperms. Syring et al. (2007) reviewed 16
studies from four representative journals covering diverse
taxonomic groups. Of the 460 taxa considered, 170 (37%)
could be evaluated for monophyly due to multiple acces-
sions being sampled in phylogenetic reconstructions, and
of these 53% were nonmonophyletic. As the review of
Syring et al. (2007) was small and considered only articles
that included multiple accessions of at least some taxa, and
that these taxa were a priori closely related, we have
compiled similar but more broad-ranging data from three
further sources [articles cited in Gitzendanner and Soltis
(2000), 378 taxa cited in the Genetical Flora of the British
Isles by Squirrell et al. (2006), and 172 articles published
in six leading journals between 2000 and 2007]. Studies
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examining plant species for population genetic diversity
were examined on a taxon-by-taxon basis to assess whether
each taxon could be assessed for monophyly based upon
published phylogenetic reconstructions, and how many of
these species were monophyletic. Data from 270 articles
identified 634 species (328 genera, 117 families), of which
109 (16.6%) could be assessed for monophyly due to a
generic phylogeny containing multiple accessions of the
study taxon being available. Of those taxa for which
monophyletic status could be deduced from the published
phylogeny (N = 92), 57 (62%) were monophyletic for all
markers assayed. This brief review demonstrates that spe-
cies nonmonophyly is rarely considered for specific taxa
assessed for population and conservation genetic purposes,
due primarily to the fact that multiple-accession generic
phylogenies are not available for the taxa under study.
When nonmonophyly is assessed, it appears to be taxo-
nomically widespread [detected here in 19 families repre-
senting conifers (1), monocots (5), and dicots (13)] and
perhaps more common than generally recognized in both
plant (38%; this study) and animal taxa [23% nonmono-
phyly in mitochondrial DNA (mtDNA); Funk and Omland
(2003)]. In support of the widespread occurrence of plant
species nonmonophyly, a recent DNA barcoding study by
Fazekas et al. (2008) determined that 31-39% of plant
species assessed were nonmonophyletic using a combina-
tion of plastid loci. All these results reflect that lack of
monophyly is a more common pattern than generally rec-
ognized in angiosperms and can dramatically influence
assessments of genetic diversity.

Life history traits, monophyly, and genetic diversity

Hamrick et al. (1979) indicated that significant differences
in levels and patterns of genetic diversity existed between
species with different life history traits. Accordingly, we
should expect to find a comparable level and distribution of
genetic variation between species with similar life history
traits where taxa are closely related. However, previous
allozyme and RAPD analysis revealed markedly different
levels of genetic diversity within and among populations of
the three species evaluated herein (Mateu-Andrés and
Segarra-Moragues 2000; Mateu-Andrés 2004) despite the
similarity of their life history traits (Table 2). Genetic
diversity differences may therefore reflect additional
sources of variation in the evolutionary history of the
species concerned.

For outcrossing perennial species, the expectation is that
species with lower overall diversity (Hy) will have higher
differentiation among populations (Ggr), and vice versa.
This trend is broadly apparent in Antirrhinum species
(Table 1), with some notable exceptions. Narrow endemic
species such as A. charidemi and A. microphyllum both

harbor relatively high levels of diversity with a corre-
sponding low estimate of population differentiation,
whereas A. siculum shows a low level of diversity and high
population differentiation (Mateu-Andrés 1999; Mateu-
Andrés and Segarra-Moragues 2000; Torres et al. 2003;
Mateu-Andrés and de Paco 2006). The latter species is self-
compatible, whereas the former two are self-incompatible,
therefore the differences may be explained by variation in
breeding system. Exceptions to this trend include A. per-
tegasii, which has both low diversity and little differenti-
ation among populations, and A. pulverulentum and
A. valentinum, which both have medium to elevated
overall diversity and the highest levels of differentiation
among population in Antirrhinum (Table 1). Diversity
estimates for the majority of Antirrhinum species fall
between these extreme examples.

In addition, outcrossing species tend to show higher
levels of within-population variation and lower levels of
differentiation among populations (Hamrick and Godt
1996), so the high level of differentiation (Gst = 0.480) in
A. valentinum 1is intriguing. This level of diversity is not
apparent from ITS sequences as it is in A. subbaeticum.
Other species in the same plastid clade have comparable
levels of Hry (A. mollissimum 0.280; A. pulverulentum
0.300), but lower estimates of Ggt (A. mollissimum 0.110;
A. pulverulentum 0.230) compared with A. valentinum. It
has been suggested that A. valentinum maintains high
genetic diversity as a consequence of a large population
size in the past (currently 1,332 individuals) due to the fact
that the species was common just 50 years ago (Mateu-
Andrés and Segarra-Moragues 2000). However, this short
time period would not allow development of high Ggr
estimates due to fragmentation, suggesting that gene flow
among populations is restricted by an alternate mechanism.
This may also account for a reduction in interspecific gene
flow explaining why A. valentinum is the only species
represented in this plastid clade to attain monophyly for
ITS sequences. Levels of genetic diversity can be shaped
by natural hybridization, wherein hybrids may exhibit
elevated levels of genetic diversity resulting from the
mixing of parental genomes (Rieseberg and Wendel 1993;
Arnold 1997). High diversity in species of this clade may
be the result of historical introgression among divergent
lineages (see Doyle1992).

Antirrhinum charidemi and A. valentinum share the
eight life history characteristics with effect on genetic
variation (Table 2). The differences estimated for popula-
tion genetic parameters between these species can be lar-
gely explained through differences in gene flow among
populations (four separated populations in A. valentinum
versus continuous distribution of populations in A. chari-
demi) and the potential effects of introgression in
A. valentinum. While genetic diversity in A. subbaeticum
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Fig. 3 Phylogenetic analysis of combined psbA-trnH/trnT-trnL/
trnK-matK/trnS-trnG sequences of Antirrhinum species based on
the 50% majority consensus tree from BI analysis. Above branches
posterior probabilities, below branches bootstrap support >50% of the
strict consensus tree of 54,670 MP trees (CI 0.88; RI 0.91; 428 steps).
Incongruence between the BI tree and the MP strict consensus tree or
bootstrap support <50% is indicated with a hyphen below branches.
Population numbers are given in brackets after species name (see
Table 3). Species symbol follow each accession (see Fig. 1).
A. charidemi, A. subbaeticum, and A. valentinum are shown in bold

is undoubtedly influenced by its different reproductive
strategy and geographic range, the extreme plastid subdi-
vision suggests that historical processes have also played a
role in shaping current diversity.

In summary, the impact of reticulation involved in
species formation should be included in the list of factors
responsible for influencing levels of genetic diversity.
Indeed, lack of monophyly and incongruence between
plastid and nuclear phylogenies provide an essential
framework to detect reticulation processes. The 12 life
history traits described by Hamrick et al. (1979) are not
necessarily the most significant for assessing levels of
genetic diversity within species. Careful attention should
be paid to monophyly to elucidate the potential impact of
hybridization on estimates of genetic variation.
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