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Abstract

Understanding the spatiotemporal distribution of genetic variation and the ways in

which this distribution is connected to the ecological context of natural populations is

fundamental for understanding the nature and mode of intraspecific and, ultimately,

interspecific differentiation. The Petunia axillaris complex is endemic to the grasslands

of southern South America and includes three subspecies: P. a. axillaris, P. a. parodii
and P. a. subandina. These subspecies are traditionally delimited based on both geog-

raphy and floral morphology, although the latter is highly variable. Here, we deter-

mined the patterns of genetic (nuclear and cpDNA), morphological and ecological

(bioclimatic) variation of a large number of P. axillaris populations and found that

they are mostly coincident with subspecies delimitation. The nuclear data suggest that

the subspecies are likely independent evolutionary units, and their morphological dif-

ferences may be associated with local adaptations to diverse climatic and/or edaphic

conditions and population isolation. The demographic dynamics over time estimated

by skyline plot analyses showed different patterns for each subspecies in the last

100 000 years, which is compatible with a divergence time between 35 000 and

107 000 years ago between P. a. axillaris and P. a. parodii, as estimated with the IMa

program. Coalescent simulation tests using Approximate Bayesian Computation do not

support previous suggestions of extensive gene flow between P. a. axillaris and

P. a. parodii in their contact zone.
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Introduction

Understanding the spatiotemporal distribution of

genetic variation and the ways in which this distribu-

tion is connected to the ecological context of natural

populations is fundamental for understanding the

nature and mode of intraspecific and, ultimately, inter-

specific differentiation (Hewitt 2001). Diversification

due to ecological divergence may occur by natural

selection that favours different alleles/allelic combina-

tions in different environments or, in the case of flower-

ing plants, due to differences in floral traits that attract

different pollinators and result in pollinator-mediated

selection (Armbruster 1991; Armbruster & Schwaegerle

1996; Cresswell 1998; Medel et al. 2003; Perez-Barrales
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et al. 2007; Chalcoff et al. 2008; Ordano et al. 2008;

Cuartas-Dominguez & Medel 2010; Rosas-Guerrero

et al. 2011). Alternatively, diversification may arise as a

by-product of population isolation due to palaeoclimatic

fluctuations (Knowles 2001; Arora et al. 2010; Chen et al.

2010; Harris & Taylor 2010; Dong-Rui et al. 2011) or

other environmental factors in allopatry, whereby

genetic isolation resulting from geographical factors

eventually leads to the evolution of reproductive barri-

ers and speciation. The spatial arrangement of geneti-

cally divergent populations is important in allopatric

diversification, as it involves the geographical separa-

tion of a previously continuous metapopulation by geo-

logical or climatic causes or a founder event resulting

from long-distance dispersal (Turelli et al. 2001;

Gavrilets 2003). A lack of gene flow, drift and second-

ary adaptation to local environmental conditions among

geographically separated populations can eventually

result in morphologically and genetically distinct

lineages. On the other hand, morphological variation

may represent plastic genomes interacting with differ-

ent environments without any relevant underlying

genetic differentiation. This phenomenon is common in

nature, for example, after recent adaptive radiation

when ecologically specialized forms arise rapidly from

a single ancestral form and occupy a variety of ecologi-

cal niches (Gavrilets & Losos 2009).

The southeastern area of South America – including

Uruguay, northern, central and eastern Argentina,

southern Brazil, the southern half of Paraguay and

southern Bolivia – is dominated by open vegetation of

several different types. To the south, the Ventania and

Tandilia Sierras delimit this area at 39°S, and the south-

ern Brazilian plateau delimits the area to the north/

northeast. To the west, the Andean Piedmont and the

Sub-Andean and Pampean Sierras delimit the Pampas.

In geomorphological and botanical terms, this is a com-

plex region known as Pampas in Brazil, Uruguay and

Southern Argentina and as Chaco in its central and

northern distribution in Argentina and Bolivia (Fig. 1

and Fig. S1A, Supporting information). The Uruguayan

and Brazilian Pampas exhibit a clear geological continu-

ity with rocky outcrops dating from the Proterozoic to

the Quaternary and resulting a great variety of soil

types derived from basalt, granite, sandstone and silt

(Grela 2004; Fregonezi et al. 2013). The climate is vari-

able in this region and promotes, together with the dif-

ferent soil types, the occurrence of a plethora of

ecological conditions (Cabrera & Willink 1973; Iriondo

& Garc�ıa 1993). However, with the exception of a few

major rivers such as the Uruguay and Negro, no obvi-

ous geographical barrier exists. Despite its wide area,

little is known about the processes influencing the

diversification of the plant species in the grassland

mosaics of southeastern South America (Speranza et al.

2007; Turchetto-Zolet et al. 2013).

Petunia axillaris (Lam.) Britton, Sterns & Poggenb

(Solanaceae) has a wide distribution in the open vegeta-

tion area of southeastern South America (Fig. 1) and is

the only Petunia species that has white flowers. Petunia

axillaris has a corolla that ranges from 3 to 7 cm long

(Fig. S2, Supporting information) (Stehmann et al. 2009)

and is pollinated by hawkmoths (Ando et al. 1995;

Venail et al. 2010; Klahre et al. 2011), although other

insects are commonly found to be associated with the

flowers (Kokubun et al. 1997; Tsukamoto et al. 2003).

Three allopatric subspecies have been suggested (Ando

1996) for P. axillaris according to morphological differ-

ences in four floral characteristics observed in dried

specimens: P. a. axillaris, P. a. parodii and P. a. subandina

(Fig. 1). Two subspecies are found in the Pampas region

but only in flat areas, and P. a. subandina is found

exclusively in the uplands of the Sub-Andean Moun-

tains and adjacent regions (Ando 1996). However, dif-

ferences in flower morphology have been described for

P. a. axillaris when Brazilian populations were com-

pared to populations from Uruguay and Argentina

(Kokubun et al. 2006). Additionally, an intermediate

morphology between subspecies P. a. axillaris and

P. a. parodii has been reported for individuals from

populations found along the Negro River, which flows

through central Uruguay and delimits the area of occur-

rence of P. a. parodii and P. a. axillaris (Kokubun et al.

1997). Kokubun et al. (1997) have suggested that these

individuals with intermediate morphology might be

hybrids between the two subspecies. Although the

recognition in the P. axillaris subspecies has been based

exclusively on these traits and the geographical distri-

bution, it is unfortunate that morphological variations

Fig. 1 Map showing the geographical distribution of each sub-

species according to the literature (Ando 1996) and collection

sites (see more details in Table S1, supporting information).
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in the P. axillaris complex have been studied primarily

in greenhouse-grown plants (Ando et al. 1994, 1995;

Ando 1996) or geographically limited populations

(Kokubun et al. 1997). From a taxonomic and evolution-

ary perspective, it is fundamental to understand the

extent of variation found in natural populations.

This species complex has not been previously analy-

sed using genetic markers aside from the study of a

few localized populations in studies focusing on other

species (Kulcheski et al. 2006; Lorenz-Lemke et al. 2006;

Fregonezi et al. 2013). Most evolutionary and phyloge-

netic studies in Petunia used chloroplast (cp) DNA

sequence variability and have typically revealed little

genetic differentiation and high haplotype sharing

between the species (Ando et al. 2005; Kulcheski et al.

2006; Chen et al. 2007; Lorenz-Lemke et al. 2010).

In this study, we analysed the morphological, climate

and molecular (both cpDNA and nuclear) data from a

large number of populations of the three P. axillaris sub-

species covering a large part of the geographical range

of P. a. axillaris and P. a. parodii, including their contact

zone. First, we determined and compared the genetic

structure and morphological differentiation of P. axillar-

is populations and tested whether the obtained patterns

correspond to the three described subspecies. We also

performed a multivariate analysis on bioclimatic vari-

ables to visualize major climatic differences between the

populations to determine whether these difference cor-

relate with the subspecies delimitation. Comparing

these results allowed us to test whether the subspecies

previously delimited mainly by the morphological vari-

ation are real evolutionary units or are morphotypes

determined by the different environments. Second, we

tested previous suggestions that P. a. axillaris and

P. a. parodii may hybridize in their contact zone by

using coalescent simulations in an approximate Bayes-

ian computation approach. Finally, we estimated the

divergence time between P. a. axillaris and P. a. parodii

and various demographic parameters such as effective

population sizes and their fluctuation along time to bet-

ter understand the evolutionary history of the species.

Material and methods

Sample collection

Natural populations of P. axillaris were visited during

two spring seasons. Overall, 102 localities were sampled

including 63 occurring in the P. a. axillaris range, 34

occurring in the P. a. parodii range and five occurring in

the P. a. subandina range (see Fig. 1). We classified each

population at the level of P. axillaris subspecies accord-

ing to the geographical boundaries and morphological

characteristics proposed previously (Ando et al. 1994,

1995; Ando 1996) (Table S1, Supporting information;

this classification was used throughout the entire data

analysis). For every population, the geographical coor-

dinates were obtained using a global positioning system

(GPS) unit, and an exsiccate was generated and depos-

ited in the ICN Herbarium, Universidade Federal do

Rio Grande do Sul, Porto Alegre, Brazil, or the BHCB

Herbarium, Universidade Federal de Minas Gerais, Belo

Horizonte, Brazil. For some of the analyses, we pooled

populations together into regional groups (Table S1,

Supporting information) based on the geographical dis-

tances between sampling points and landscape features

such as rivers and the geological context of the locali-

ties. This strategy was intended to provide an improved

characterization of the genetic and morphologic varia-

tion at a broader scale, and we referred to these as

regional level analyses. The geographical distribution of

the three subspecies and localities sampled in this study

are shown in Fig. 1. Detailed information on the sam-

pled populations is provided in Table S1, Supporting

information.

DNA extraction, cpDNA sequencing and analysis of
cleaved amplified polymorphic sequence (CAPS)
markers

We collected fresh leaves from 614 individuals and

extracted DNA using the method of Roy et al. (1992).

We used the polymerase chain reaction (PCR) to

amplify two intergenic cpDNA spacers, trnS-trnG and

trnH-psbA, using the universal primers described by

Hamilton (1999) and Sang et al. (1997), respectively.

These markers are among the fastest evolving cpDNA

regions in the Petunia genus (Lorenz-Lemke et al. 2006,

2010). The PCR amplification was performed as

described in Lorenz-Lemke et al. (2006), and the result-

ing products were purified according to the 20% poly-

ethylene glycol (PEG) method (Dunn & Blattner 1987)

and sequenced using a MEGABACE1000 system (GE

Healthcare) following the manufacturer’s instructions.

The sequences were deposited in GenBank (Accession

nos: DQ225609 to DQ225665, DQ225367 to DQ225423,

JF917318 to JF918431, and JN097453) and manually

aligned. The alignments were visually assessed using

GENEDOC (Nicholas & Nicholas 1997). All insertion/dele-

tion events (indels) that involved poly-T/A stretches

were eliminated from the analyses because their muta-

tional dynamics cannot be assessed (Aldrich et al. 1988).

To assess the genetic diversity in nuclear DNA, six

codominant CAPS markers that have been used to

study genetic diversity in several plant species (Tsum-

ura et al. 1999; Barth et al. 2002; Kaundun & Matsumoto

2003; Huang et al. 2006) were analysed. The CAPS

named HF1, EPF1, MYB75, MYB60, MYBX and PAL2B

© 2013 John Wiley & Sons Ltd
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were developed for Petunia (Venail et al. 2010) and are

available online at http://www.botany.unibe.ch/deve/

caps/index.html. These markers were evaluated using

the PCR-restriction fragment length polymorphism

(RFLP) approach, and the different cleavage patterns

visually detected after a 2.5% agarose gel electrophore-

sis were considered different alleles. Given the small

allele number, only a subsample of the 614 individuals

was genotyped; this totalled 353 individuals randomly

sampled within the populations (Tables S1 and S2, Sup-

porting information). Table S3 in the supporting infor-

mation provides additional information and the

detailed protocols for this procedure. To verify whether

the different band patterns detected by gel electrophore-

sis represent different DNA sequences, the PCR prod-

ucts resulting in each pattern were purified with PEG

(Dunn & Blattner 1987) and sequenced using a MEGAB-

ACE 1000 system (GE HealthCare) following the manu-

facturer’s specifications. All of the different restriction

band patterns were confirmed as different alleles by

sequencing and are available in GenBank under the

Accession nos JF737840 to JF737855.

Morphological analysis

We examined the floral morphology of 790 individuals

(1689 flowers, 79 populations; Tables S1 and S4, Sup-

porting information). In the field, we used digital calli-

pers to measure four flower traits: the length of the

floral tube, the diameter of the corolla, the total length

of the corolla and the distance between the anthers of

the longest and medium-length stamens (Fig. S2, Sup-

porting information). These are the most important

traits for subspecies discrimination (Kokubun et al.

2006). To assess both the population and individual var-

iability, we measured three flowers per individual and

ten individuals per population whenever possible. Some

populations were not measured (Table S1, Supporting

information) because most of the measurements were

performed during a second visit to the sites, when some

of these populations could not be found because of

intense drought. This situation was particularly critical

for P. a. subandina for which only a single population

could be measured.

We used a discriminant analysis of principal compo-

nents (DAPC) to determine whether the subspecies

could be distinguished by these four morphometric

variables. The DAPC relies on data transformation

using principal component analysis (PCA) as a prior

step to discriminant analysis (DA), which maximizes

the separation between groups. We also performed cor-

respondence analyses (CA) using the regional popula-

tion groups as units (using the within group average

morphometric values).

To determine the location of the greatest morphologi-

cal breaks and whether these coincide with the pro-

posed geographical limits of the subspecies, a matrix of

the squared Mahalanobis distance per individual using

the flower traits was constructed, and its geographical

significance was evaluated using the Monmonier algo-

rithm as implemented in the software BARRIER 2.2

(Manni et al. 2004). The DAPC and CA were performed

with the adegenet package for R (Jombart 2008), and

Mahalanobis distance computations were performed

using the STATISTICA 9.0 package (available at http://

www.statsoft.com/).

Climate analyses

To test whether the morphological subspecies are

discernible based on bioclimatic variables without their a

priori designation, we performed a PCA using the occur-

rence data supplied by the samples used in the genetic

analyses. The PCA was performed using the climate data

(19 WorldClim bioclimatic layers for temperature and

precipitation, see http://www.worldclim.org/bioclim)

extracted through the program DIVA GIS (available at

http://www.diva-gis.org/) and using variables that had

been log-transformed in the STATISTICA program. The

analysis was based on the correlation matrix (correlation

as ss/N-1), which does not intensify the range of varia-

tion (Jolliffe 2000). The first two principal components

were plotted, and the variation found for each point was

compared to the description of the subspecies.

Genetic diversity and population structure using
molecular data

For the cpDNA haplotypes, basic descriptive molecular

diversity statistics were calculated in ARLEQUIN 3.5.1.2 as

the haplotype and nucleotide diversity (Excoffier &

Lischer 2010). The evolutionary relationship between

the haplotypes was estimated by a median-joining

network (Bandelt et al. 1999) calculated in the NETWORK

4.1.0.9 program (available at www.fluxux-engineering.

com). The degree of genetic differentiation between

subspecies was estimated using analysis of molecular

variance (AMOVA) (Excoffier et al. 1992) and between

subspecies and regional groups of populations by pair-

wise ΦSTs, using ARLEQUIN.

For the CAPS markers, basic descriptive statistics

such as diversity indices, observed (HO) and expected

(HE) heterozygosities, test of Hardy–Weinberg equilib-

rium (HWE) and the between-subspecies pairwise FSTs

and AMOVA were calculated using ARLEQUIN. A Bayesian

clustering method (Pritchard et al. 2000) implemented

in the STRUCTURE 2.3.4 software was used to detect and

test the presence of any genetic structure between the

© 2013 John Wiley & Sons Ltd
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samples using the admixture model (Pritchard et al.

2000; Falush et al. 2003) and correlated allelic frequen-

cies (Falush et al. 2003) parameters but without any a

priori information regarding population structure. This

method assigns a probability that each individual

belongs to each K ancestry cluster. We ran 10 replicates

of the program from K = 1 to K = 6, allowing 250 000

Markov chain Monte Carlo (MCMC) steps as burn-in

and 1 000 000 sampling steps. To choose the best value

for K, we first used the method of Pritchard et al.

(2000), which selects the K value returning the highest a

posteriori probability. We then used the method of

Evanno et al. (2005), which considers the second-order

rate of change in the likelihood of the data given K, Pr(X|

K). The individual ancestry coefficients were calculated

by the average pairwise similarity of individual assign-

ments across runs with Clumpp (Jakobsson & Rosen-

berg 2007) using the FullSearch method and weighted

by the number of individuals in each population;

Distruct (Rosenberg 2004) was used to plot the individual

ancestry coefficients.

To better understand the structure of the populations

based on the CAPS population variability but without

the genetic assumption posed by the Bayesian structure

method, we performed CA using the allelic frequency

for each regional population group as described above

for the morphological data. Finally, the CAPS pairwise

FST values were used to estimate the main geographical

barriers between the populations in the Monmonier

algorithm implemented in Barriers again, as described

above for the morphological analyses.

Test of hybridization scenarios using approximate
Bayesian computation

One of our goals was to test the suggestions of hybridiza-

tion between subspecies axillaris and parodii in their con-

tact zone (Kokubun et al. 1997). However, it is difficult to

distinguish gene flow from shared ancestral polymor-

phism in Petunia because the latter is common in Petunia

(see Lorenz-Lemke et al. 2006, 2010). To examine these

questions, we tested three scenarios using an approxi-

mate Bayesian computation (ABC) approach (see review

in Bertorelle et al. 2010). The first scenario is divergence

with no gene flow allowed (allopatric model). In the

second scenario, gene flow may occur throughout the

entire divergence process (parapatric model). The third

scenario includes only recent gene flow after divergence

(secondary contact model). These models were not tested

over the entire distribution but over three selected popu-

lation pairs from each subspecies, following an approach

described previously (e.g. Surget-Groba & Kay 2013).

The first pair (named Disjunct) was composed of allopat-

ric populations from distant regions. This pair could be

used as a control for the allopatric model because no

gene flow was expected between them. The second pair

(named Negro River) consisted of populations located

in the region around the Negro River, the contact zone.

The third pair (named Campanha) consisted of two

populations in southern Brazil from the two subspecies

for which some of our analyses suggested the presence

of individuals of intermediate morphology or mixed

genetic ancestry. Therefore, we tested three scenarios

using three population sets each.

All the ABC analyses were performed using ABCTOOL-

BOX 1.0 (Wegmann et al. 2010) using both the cpDNA and

CAPS data sets. The cpDNA data were modelled with

the substitution rate as described above for the BSP

analysis and no recombination. The CAPS data were

modelled as single nucleotide polymorphism (SNP) data

(biallelic marker), assuming no mutation. This is equiva-

lent to assuming that every CAPS allele identical by state

would also be identical by descent at some time in

the past and provides a good approximation when the

timescale of the process is much shorter than the

timescale for which mutation becomes an important

evolutionary force affecting allelic frequencies.

For the scenarios parameters, we defined prior distri-

butions (Table S5, Supporting information) that were

largely based on the results of the IMa analysis. For

example, we used a uniform prior for divergence time

distributed between 15 thousand years ago (kya) and

90 kya. We used a uniform prior for the time of second-

ary contact (between 3 and 5 kya) based on the latest

geological events affecting sedimentary regions in the

Quaternary (Ponce et al. 2011) and a uniform prior of

migration rate (between 0.001 and 0.0001 effective

migrant chromosomes per generation). Because migra-

tion is an important parameter in the scenarios we want

to discriminate, there is a compromise between using

low migration rates and the power to discriminate

between scenarios (the lower the migration rates in a

scenario with migration, the more this rate will resem-

ble a truly allopatric scenario). These values were used

because, while calibrating the models (see below), we

observed that they could generate summary statistic

values close to those observed in the original data and

because they appeared reasonable compared with other

studies.

We used a total of 19 summary statistics, with six

extracted from the CAPS data (average number of

alleles in each population, average HE in each popula-

tion, total HE and FST) and 13 extracted from the

cpDNA data (number of haplotypes in each population,

number of segregating sites in each population, number

of private segregating sites in each population, total

number of segregating sites, Fu’s FS in each population,

nucleotide diversity in each population, average

© 2013 John Wiley & Sons Ltd
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nucleotide diversity and ΦST). We performed an initial

10 000 simulations to evaluate whether the range of

prior values was able to generate simulations close to

the observed data and then performed 500 000 simula-

tions for each scenario for the model selection proce-

dure. The original summary statistics were transformed

by partial least squares (PLS) after Box-Cox transforma-

tion according to Wegmann and Excoffier (2008), and

the 1000 best simulations (those closest to the observed

summary statistics) were retained for model selection.

The Bayes factors (BFs) for pairwise model comparisons

were estimated based on seven PLS components and

interpreted according to Kass and Raftery (1995). It is

important to note that these analyses focus on perform-

ing model (scenarios) selection by integrating over the

uncertainty of the demographic parameters and not

estimating the demographic parameters per se.

Demographic and IMa analysis with cpDNA data

To detect evidence for deviation of the neutral equilib-

rium model of evolution, we performed Tajima’s D

(1989) and Fu’s FS (1997) neutrality tests using the ARLE-

QUIN program. These tests were conducted for the spe-

cies as a whole, for the subspecies and for the regional

population groups. In addition, changes in population

size over time for subspecies were estimated with a

Bayesian skyline plot analysis (BSP, Drummond et al.

2005) performed in BEAST 1.6.1 (Drummond & Rambaut

2007). The priors for this analysis were a strict molecu-

lar clock model with a mean substitution rate of

2.8 9 10�9 and a standard deviation of 5.4 9 10�11 per

site per year (Lorenz-Lemke et al. 2010) and an HKY

(Hasegawa, Kishino, and Yano) nucleotide substitution

model. MCMC was performed for 100 000 000 steps,

sampling every 10 000 steps. The computation of the

BSP and convergence checking were performed in TRA-

CER 1.5 (available at http://beast.bio.ed.ac.uk/Tracer).

We used the isolation-with-migration model (Nielsen

& Wakeley 2001; Hey & Nielsen 2004) implemented in

the IMa program (Hey & Nielsen 2007) to estimate pop-

ulation demographic parameters for the two Pampean

subspecies P. a. axillaris and P. a. parodii, especially

their divergence time. This program uses a MCMC

approach to estimate the posterior probability densities

of demographic parameters including the effective pop-

ulation sizes, divergence time and migration rates.

However, because we could not obtain stable estimates

of the migration rates, we excluded the migration

parameters and used a pure allopatric scenario. This

choice was further justified by the results from the ABC

analysis, which did not show support for divergence

models including gene flow (see below). We used 50

Metropolis-coupled chains with a 20 000-step burn-in

period, followed by 120 hours of Markov chain interac-

tions based on the HKY nucleotide substitution model,

the same substitution rate used for the BSP analysis

and with the inheritance scalar set to 0.25. We assumed

a value of 2 years for the generation time in all analy-

ses, as based on our field observations during more

than 10 years of collecting Petunia species.

Results

Morphological variation

Petunia axillaris exhibits wide morphological variation,

and it was not uncommon to find individuals with a

flower morphology that was inconsistent with its classi-

fication at the subspecific level based on the traditional

geographical boundaries assumed for each subspecies

according to Ando (1996). Considering the typical val-

ues for the diagnostic floral traits (Ando et al. 1995;

Ando 1996), �64% of the individuals would be classi-

fied within the (geographically) expected subspecies

and the remaining individuals would be classified

within another subspecies (Table 1).

The first two axes of the multivariate DAPC (Fig. 2A)

show that most of the individuals are organized in dis-

tinct clusters corresponding to the three subspecies, but

most of the individuals of P. a. subandina overlap with

one extreme of the distribution of P. a. axillaris. There is

also some overlap between P. a. axillaris and P. a. paro-

dii individuals, but not between the latter and P. a. su-

bandina. Interestingly, overlapping between P. a. axillaris

and P. a. parodii is mostly restricted to individuals from

a set of populations located in the parapatric zone on the

opposite margins of the Negro River, Uruguay (Fig. S3,

Supporting information). Also interesting is that

P. a. axillaris populations from its northern area (Brazil)

present a wider within-population variation. A notable

example of this is the Guaritas region in Serra do Sude-

ste, which encompasses populations sampled within a

geographical region slightly larger than 30 km. These

populations show a broader variation in flower mor-

phology than do those of the entire distribution of

P. a. parodii. Importantly, at the population level, the

correspondence analysis of the regional population

groups shows that they are clearly separated according

to their subspecies (Fig. 2B), suggesting that these traits

present high intrapopulation variability.

The Monmonier maximum difference algorithm

revealed that, using the regional groups of populations

as units, the first barrier separates the populations north

and south of the Negro River (see Fig. 1) and continues

in the northeastern direction towards Brazil, which cor-

responds to the proposed limits of P. a. parodii and

P. a. axillaris (Ando 1996).
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Fundamental niche divergence

The PCA of the 19 bioclimatic variables revealed a high

degree of niche divergence among the subspecies of

P. axillaris. The first two principal components

explained 73.6% of the variation, with the first compo-

nent (PC1) accounting for 39.7% of the variation

(Fig. 2C). In PC1, the variables related to precipitation

explained 48% of the variation. The niche separation of

P. a. subandina is evident, but P. a. axillaris and P. a. par-

odii were closer to each other in the PCA space with a

small overlapping region between them. The popula-

tions associated with the overlap region are those in

Uruguay around the Negro River, a location where the

ranges of the two subspecies are close in proximity.

cpDNA genetic variability

The trnH-psbA and trnS-trnG intergenic cpDNA spacers

were analysed in a single alignment totalling 1064 base

pairs (bp). A total of 28 single-base substitutions (12

transitions and 17 transversions) and one inversion of

29 bp were found; the micro-inversion was coded as a

single mutational event. Thirty-five haplotypes were

found in the 614 samples analysed for the three subspe-

cies. Table 2 shows the diversity indices for the cpDNA

markers. Petunia axillaris, which had higher morphologi-

cal variation, exhibited higher values for both haplotype

and nucleotide diversity than did the other subspecies.

Most of the haplotypes in the network (Fig. 3) are

separated by a single change. At a broad scale, the net-

work is not structured geographically or in relation to

the putative subspecies to which each individual

belong, but some structure occurs in parts of the net-

work. Another important pattern is that haplotype shar-

ing between subspecies occurs mostly with central and

frequent haplotypes, but the terminal haplotypes are

not shared between subspecies. The sharing of haplo-

types between populations (see Fig. S1B, Supporting

information) was also unrelated to the level of admix-

ture between the subspecies inferred using a Bayesian

approach (see below). The extensive sharing of haplo-

types between subspecies is also reflected in the AMOVA

results, where only 6.9% of the total variation was

found between subspecies. On the other hand, the por-

tion of the variation found between populations within

subspecies is high (74.3%), with the remaining 18.8% of

the variation being distributed within populations.

CAPS genetic variability

We genotyped 354 individuals of the three subspecies

for six CAPS markers (Table S1 and S2, Supporting

information), and we identified new alleles in two of

the six markers. New alleles were identified when new

mutations promoted the gain or loss of a restriction site,

which was identified as a novel band pattern after elec-

trophoresis. All of these alleles were confirmed by

sequencing.

Considering all of the CAPS loci, P. a. axillaris had

the largest number of alleles and the highest HE

(Table 3). At the subspecies level, there were strong

departures of HWE (Table 3), which may be explained

by the general self-compatible (SC) status of P. axillaris

throughout most of its range (Kokubun et al. 2006)

because SC reduces heterozygosity due to inbreeding

and genetic drift increases differentiation between pop-

ulations. This also likely led to a Wahlund effect result-

ing from the pooling of the isolated populations in each

subspecies.

AMOVA was used to investigate the overall distribution

of genetic diversity between the three subspecies,

revealing 19.6% of the genetic variation between the

subspecies. Most of the genetic variation was found

within populations (49.1%) and among populations

within subspecies (31.3%). The pairwise FST values

revealed genetic differentiation between the P. axillaris

subspecies (0.174 axillaris vs. parodii; 0.256 axillaris vs.

subandina; 0.433 subandina vs. parodii), with all the pair-

wise values being significant (P < 0.001).

In the STRUCTURE analysis of CAPS genotypes (Fig. 4),

K = 2 was found to be the best number of genetic

clusters by all methods (Pritchard et al. 2000; Evanno

et al. 2005; Gao et al. 2007). No meaningful substructure

within these two clusters could be seen in the K > 2

bar plots (see Fig. S4, Supporting information). In gen-

eral, one of the clusters was related to the individuals

Table 1 Morphological classification of the Petunia axillaris complex. Proportions of individuals classified correctly or incorrectly

according to the morphology expected for each subspecies in relation to the accepted geographical boundaries (see Fig. 1). The first

column lists the subspecies based on geographical location and the first row provides the morphological identification

N subsp. axillaris (%) subsp. parodii (%) subsp. subandina (%) Atypical (%)*

subsp. axillaris 538 292 (54) 14 (3) 215 (40) 17 (3)

subsp. parodii 237 0 (0) 198 (84) 32 (13) 7 (3)

subsp. subandina 15 0 (0) 0 (0) 15 (1) 0 (0)

*Atypical – individuals morphology classified as either subspecies. Correctly classified – 64%; % incorrectly classified – 36%.
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identified as P. a. axillaris, and the other is more associ-

ated with the individuals classified as P. a. parodii (see

Fig. 4). However, some individuals of both subspecies

exhibited a significant proportion of their ancestry in

both clusters. Two geographical regions appear to have

a higher incidence of individuals showing ‘dual ances-

try’, in agreement with the results obtained in the

analysis of morphological traits. One of these regions is

within the vicinity of the margins of the Negro River in

Uruguay, which corresponds to the geographical distri-

bution boundaries of the two Pampean subspecies. The

second region is Bage in southern Brazil, a site at which

only P. a. axillaris occurs; interestingly, the other sub-

populations in this region had flower morphologies

more similar to that of P. a. parodii. Individuals belong-

ing to all the populations of P. a. subandina were either

subsp. axillaris
subsp. parodii
subsp. subandina

CA1-2

a-Bagea-Castillos

a-Colonia

a-Durazno

a-Guaritas

a-Maldonado

a-Mello
a-Minas

a-Pantano

a-Pelotas

p-Alegretep-Artigasp-RioNegroNp-Salto

p-SLivramento

p-Uruguaiana

subandina

(A) (B)

PCA 1: 39.70%
–4 –2 0 2 4 6 8 10

–4

–2

0

2
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8

PC
A

 2
: 3

3.
86

%

P.axillaris axillaris
P.axillaris parodii
P.axillaris subandinaC

(C) (D)

Fig. 2 (A) Discriminant analysis of principal components of the floral characters of 790 individuals from the three subspecies of Petu-

nia axillaris. (B) Axis 1 and 2 of the correspondence analysis of 17 regional groups of populations based on the floral characters. ‘a-’

and ‘p-’ in the labels identify P. a. axillaris and P. a. parodii populations, respectively. (C) The extent of the ecological separation of

Petunia axillaris for the three subspecies based on variations in climate and elevation. The points correspond to each population of

P. axillaris studied. Climatic variables contained in the Bioclimate packed through the program DIVA GIS (available at: http://www.

diva-gis.org/). (D) Axis 1 and 2 of the CA analysis of the allelic frequencies of six CAPS markers on 21 regional groups of popula-

tions. Labels as in (B).
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classified into cluster 1 or 2 or had fractions of their

genome associated with both.

On the other hand, in the analysis at the population

level, but not the individual level, the CA of the CAPS

allele frequency clearly group the 21 regional popula-

tion groups (Fig. 2D) in three distinct clusters that cor-

respond to the three subspecies. Finally, the main

barrier estimated by the Monmonier algorithm sepa-

rates the populations north and south of the Negro

River and continues towards the east in Rio Grande do

Sul, Brazil (see Fig. 1). Again, this corresponds to the

limits of the distribution of P. a. parodii and P. a. axillar-

is in Uruguay as proposed by Ando (1996), overlapping

largely with the estimated barrier inferred using mor-

phological data above.

Approximate Bayesian computation

Although the above results suggest that in general, the

subspecies P. a. axillaris and P. a. parodii are differenti-

ated on a morphological, environmental and genetic

basis, some populations show evidence of individuals

with mixed ancestry/morphology. We tested the three

sets of population pairs using ABC model selection to

determine which of the three scenarios (divergence with

no gene flow, divergence with low but continuous gene

flow or divergence with only recent gene flow: allopat-

ric, parapatric and secondary contact models, respec-

tively) better explains the cpDNA and CAPS genetic

data. For the ‘Disjunct’ pair comparison, the allopatric

model was, as expected, better supported than was

either the parapatric or the recent contact model

(BF = 308, BF = 146, respectively), with decisive support

(Kass & Raftery 1995). Similarly, for both the ‘Negro

River’ and ‘Campanha’ population pairs, the allopatric

model was better supported than was either the parap-

atric or the recent contact model (BF = 388, BF = 2515,

respectively, for the ‘Negro River’; BF = 223, BF = 128,

respectively, for the ‘Campanha’). Therefore, these

results indicate that despite previous suggestions of

hybridization, there is no support to significant recent

gene flow connecting these populations since the diver-

gence of the subspecies.

Demographic parameters and isolation-with-migration
model with cpDNA

Given our findings that the three subspecies are most

likely independent evolutionary units, we used the iso-

lation-with-migration demographic model in IMa to

Table 2 Diversity indices and neutrality tests for the cpDNA markers for each subspecies and for each group of the populations

Parameters

No. of

plants

No. of

haplotypes

Nucleotide diversity

p % (SD)

Haplotype diversity

h (SD) Tajima’s D Fu’s FS

P. axillaris complex 614 35 0.22 (0.13) 0.70 (0.02) �1.14 �17.58*

P. a. axillaris 359 17 0.21 (0.13) 0.77 (0.02) �0.49 �2.60

P. a. parodii 230 23 0.20 (0.21) 0.55 (0.04) �0.86 �9.43*

P. a. subandina 25 5 0.19 (0.12) 0.58 (0.09) 1.37 0.98

Durazno group, UY 12 3 0.08 (0.07) 0.62 (0.09) �0.43 0.39

Colonia group, UY 28 1 0.00 0.00 — —

Maldonado group, UY 50 4 0.06 (0.05) 0.48 (0.06) �0.80 �0.49

Minas group, UY 19 2 0.15 (0.10) 0.51 (0.05) 2.17 4.24

Castillos group, UY 30 6 0.26 (0.16) 0.80 (0.04) 1.02 1.37

Melo group, UY 20 5 0.30 (0.18) 0.81 (0.04) 0.89 2.14

Pelotas group, BR 24 3 0.06 (0.05) 0.36 (0.11) 0.40 0.38

Bage group, BR 47 4 0.17 (0.11) 0.50 (0.07) 0.41 0.80

Guaritas group, BR 114 7 0.14 (0.10) 0.70 (0.03) 0.20 0.36

Pantano group, BR 15 2 0.15 (0.11) 0.53 (0.05) 2.18 3.99

Rio Negro N group, UY 22 6 0.35 (0.20) 0.83 (0.04) 1.62 1.78

Salto group, UY 30 6 0.32 (0.19) 0.72 (0.05) 1.53 2.23

Artigas group, UY 17 4 0.30 (0.18) 0.64 (0.07) 2.62 2.99

Slivramento group, BR 25 5 0.19 (0.12) 0.68 (0.08) �0.82 1.02

Alegrete group, BR 24 2 0.01 (0.01) 0.08 (0.07) �1.16 �1.03

Uruguaiana group, BR 34 3 0.05 ( 0.05) 0.21 (0.09) �2.00* 0.22

Entre Rios group, AR 33 3 0.04 (0.04) 0.12 (0.07) �2.18* �0.20

Corrientes 1 group, AR 27 5 0.18 (0.12) 0.49 (0.12) �0.15 0.56

Corrientes 2 group, AR 18 2 0.01 (0.02) 0.11 (0.10) �1.16 �0.79

Formosa group, AR 6 2 0.03 (0.04) 0.33 (0.22) �0.93 �0.01

Cordoba group, AR 25 5 0.19 (0.12) 0.58 (0.09) 1.37 0.98

*P < 0.01.
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make further inferences regarding the history of diver-

gence between P. a. axillaris and P. a. parodii, the two

subspecies with better sampling. Overall, there was

evidence of large population sizes for both subspecies

[with a mean estimate of �1 400 000 and �2 000 000

individuals for P. a. axillaris and P. a. parodii, respectively,

P. axillaris axillaris
P. axillaris parodii
P. axillaris subandina

H2

H1

H3

H4
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H6
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H16
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H21

H22
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H35

Fig. 3 Network showing the evolutionary relationships between 35 haplotypes of the populations of Petunia axillaris (combination of

trnS-trnG and trnH-psbA sequencing). Each colour represents one of the three subspecies according to the legend. The area of the cir-

cles is proportional to the frequency of the haplotype. The perpendicular bars indicate the number of evolutionary steps separating

the haplotypes.

Table 3 Absolute and relative frequencies of alleles and observed and expected heterozygosity per CAPS loci for each subspecies of

Petunia axillaris

subsp. Locus N. alleles Allele frequency (1; 2; 3; 4) Obs. Het Exp. Het

axillaris HF1 3 0.76; 0.19; 0.05; 0.00 0.17* 0.38

EPF1 2 0.03; 0.97; 0.00; 0.00 0.05 0.06

Myb75 4 0.06; 0.33; 0.58; 0.03 0.24* 0.56

Myb60 2 0.31; 0.69; 0.00; 0.00 0.23* 0.43

Mybx 2 0.01; 0.99; 0.00; 0.00 0.02 0.02

Pal2B 2 0.34; 0.66; 0.00; 0.00 0.28* 0.45

Mean 2.5

parodii HF1 2 0.01; 0.99; 0.00; 0.00 0.03 0.03

EPF1 2 0.03; 0.97; 0.00; 0.00 0.04 0.05

Myb75 3 0.43; 0.30; 0.27; 0.00 0.15* 0.65

Myb60 2 0.59; 0.41; 0.00; 0.00 0.04* 0.48

Mybx 1 0.00; 1.00; 0.00; 0.00 0.00 0.00

Pal2B 2 0.03; 0.97; 0.00; 0.00 0.06 0.06

Mean 2

subandina HF1 3 0.17; 0.64; 0.19; 0.00 0.06* 0.50

EPF1 2 0.33; 0.67; 0.00; 0.00 0.00* 0.47

Myb75 2 0.12; 0.88; 0.00; 0.00 0.25 0.23

Myb60 1 0.00; 1.00; 0.00; 0.00 0.00 0.00

Mybx 1 0.00; 1.00; 0.00; 0.00 0.00 0.00

Pal2B 1 0.00; 1.00; 0.00; 0.00 0.00 0.00

Mean 1.7

*P < 0.01.
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and an estimated divergence time of �58 kya (95%

credible interval between �35–107 kya)]. This finding is

largely in agreement with a divergence in the late Pleis-

tocene and before the Last Glacial Maximum.

With respect to the neutrality tests (Table 2), the only

significant values of Fu’s FS were the negative values

for P. axillaris as a whole and P. a. parodii, but this test

was also negative, but not significant for P. a. axillaris.

Tajima’s D values were also negative (but not signifi-

cant) for the above three taxa. On the other hand, the

values for P. a. subandina were positive (but not signifi-

cant) for both tests. These results suggest a history of

population growth for P. a. parodii and P. a. axillaris,

with a stronger suggestion in the former, and a possible

population reduction for P. a. subandina. The Bayesian

skyline plots (Fig. 5) mostly supported these conclu-

sions, suggesting a period of population growth more

intense approximately 100 kya for P. a. parodii (Fig. 5A),

a signal of population decline since approximately

50 kya for P. a. subandina (Fig. 5B) and a moderate bot-

tleneck beginning approximately 20 kya and an expan-

sion since 10 kya for P. a. axillaris (Fig. 5C).

Discussion

Morphological and molecular diversity and
differentiation between P. axillaris subspecies

We found wide variation in the four floral traits given

that approximately 35% of individuals would be classi-

fied into a subspecies different from the one expected

based on their geographical location (Table 1). A ques-

tion we asked is whether, despite such a high rate of

misassignment using standard univariate statistics, it is

possible to find discontinuities in flower morphology

using multivariate methods and whether these disconti-

nuities would be consistent with the traditional geo-

graphical classification of P. axillaris subspecies. Using

the multivariate DPCA method, the floral morphology

clearly differentiated the populations of the three sub-

species (Fig. 2B), but there was overlap between some

individuals in a few populations (see below) (Fig. 2A

and Fig. S3, Supporting information).

Notably, the structuring of the sampling sites accord-

ing to their climatic variables is also consistent with the

traditional distribution of P. axillaris subspecies

(Fig. 2C) and their different morphologies. Moreover,

Aoki and Hattori (1991) reported that the shape of the

corolla in Petunia species is significantly associated not

only with the growing temperature but also soil type;

the distribution of P. a. parodii includes areas of soil

originated mostly from basalt rocks, but P. a. axillaris

occupies a region where soils derived from granites (or

Quaternary sediments) are predominant (Bizzi et al.

2001). These results may suggest that differences in

flower morphology between subspecies merely reflect

environmental conditions instead of a meaningful evo-

lutionary difference between them. For example, Solis-

Neffa (2009) showed that the morphotypes of Turnera

sidoides pinnatifida, which presents a distribution similar

to the P. axillaris complex, live in different habitats. This

author proposed that the differences observed between

populations could be the consequence of either adapta-

tion to different environments or a high phenotypic

plasticity of the species. Here, the clear genetic distinc-

tion between the subspecies, especially with the CAPS

markers (Fig. 2D), indicates that these morphological

differences are related to population differentiation and

64 65 66 67 68 69 70 73 74 75 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 98 99 10
0
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ssp. axillaris

ssp. parodii ssp. subandina

Fig. 4 Genomic constitution inferred by the program STRUCTURE based on six nuclear CAPS markers. Each population is represented

as a vertical line partitioned into K = 2 coloured components representing membership in one of the genetic clusters. The population

names are according to Table S1 (Supporting information).
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genetic adaptation rather than simple phenotypic plas-

ticity. It is widely accepted that ecological divergence

due to habitat differences plays an important role in

population differentiation (Foster et al. 2007; Lowry

et al. 2008; Zheng & Ge 2010). Based on controlled

experiments in the laboratory, Venail et al. (2010) pro-

posed that the difference in floral tube length between

these two subspecies indicates that they are visited by

different hawkmoth species that have proboscides of

different lengths, suggesting their differences in floral

characters may additionally be explained as an adaptive

response to the divergent selective pressures generated

by pollinators. Although this process appears to con-

tribute widely to plant diversification in this geographi-

cal region of South America (Fregonezi et al. 2013),

studies of plant–pollinator interactions in the field are

necessary to test this hypothesis. Therefore, the differ-

ences in the floral characteristics in the P. axillaris com-

plex could be explained by climatic and edaphic factors

(Fig. 2C) most likely coupled with the adaptive

response to divergent selective pressures generated by

other factors such as pollinator selection.

We also found that the morphological variation in

this species is much higher than previously recognized

(Ando et al. 1994; Ando 1996), particularly for P. a. axil-

laris as seen in the high dispersion of individuals found

within some population groups in the DAPC axes (Fig.

S3, Supporting information). For example, the popula-

tions found in the Guaritas region in Serra do Sudeste,

Brazil, displayed the greatest morphological variation of

the entire complex. This area is approximately 900 km2

with elevations ranging between 200 and 500 m and

several forms of physiognomic and vegetation diversity

(Caporal & Boldrini 2007). One possible explanation for

the high morphological diversity in this region could lie

in the range of soil diversity in a small geographi-

cal area. However, P. a. axillaris and its sister species

P. exserta, a species endemic to rock formations in the

Serra do Sudeste region that has a long corolla tube

similar to that of P. a. parodii (Lorenz-Lemke et al.

2006), seem to hybridize in this region. Therefore, con-

sidering that hybridization could occur in both direc-

tions (Lorenz-Lemke et al. 2006), such events may have

also contributed to the wide morphological variation

found in this region for P. a. axillaris individuals and

their higher morphological similarities with P. a. parodii.

Although only few populations have been evaluated

genetically and only one morphologically for P. a. su-

bandina, this subspecies is clearly distinct from the other

two subspecies based on morphology (Fig. 2B) and

CAPS allele frequency (Fig. 2D), even though there is

overlap at the individual level (e.g. Fig. 2A). Overall,

these findings suggest that P. a. subandina also repre-

sents an independent evolutionary unit for this species,

but additional sampling over a larger area of its distri-

bution is needed.

Testing hypothesis of hybridization between
P. a. axillaris and P. a. parodii

Our ABC-based model selection procedure using

cpDNA and CAPS data clearly shows that the finding
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Fig. 5 Bayesian skyline plots showing the fluctuations in effective population size (Ne) over time 200 (thousands years ago). (A) Petu-

nia axillaris parodii (B), Petunia axillaris subandina and (C) Petunia axillaris axillaris. Median estimate (dark line) and upper and lower

interval (gray area).
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of a high proportion of ‘misassigned’ individuals at the

margins of the Negro River, Uruguay, and in the ‘Cam-

panha’ region, Brazil, does not suggest extensive recent

gene flow between the two subspecies as originally pro-

posed at least for the Negro River area (Ando et al.

1994; Kokubun et al. 1997). Although our best-sup-

ported model (allopatric) does not represent the entire

history of these two subspecies, it is more strongly sup-

ported than are the other models involving gene flow

between the subspecies. Indeed, the axillaris and parodii

subspecies behave like allopatric entities. Because the

Negro River lies on the border of the axillaris and paro-

dii subspecies distribution, the population in this region

could represent a convergent status on the basis of eco-

logical similarities, which is supported by the results of

the PCA using climatic data (Fig. 2C).

On the other hand, cpDNA results seem to present a

very different picture with high haplotype sharing

between subspecies, a small proportion of total genetic

diversity attributed to divergence between the subspe-

cies (AMOVA results) and a network with a lack of

structure in relation to the subspecies or geography

(Fig. 3 and Fig. S1B, Supporting information). This lack

of cpDNA differentiation between the subspecies could

be explained by lineage sorting of ancestral polymor-

phisms due to recent divergence or by extensive recent

gene flow. However, several lines of evidence support

the recent divergence explanation. First, haplotype

sharing between subspecies occurs mostly with frequent

and central haplotypes, and the sharing of haplotypes

between populations was unrelated to the level of

admixture between the populations (as estimated by

structure analyses). Moreover, the divergence between

P. a. axillaris and P. a. parodii estimated with IMa is

relatively recent, between 35 and 107 kya. Finally, the

ABC rejected the scenario of recent gene flow, even

between populations of P. a. axillaris and P. a. parodii in

the contact zone. Actually, low differentiation with

extensive cpDNA haplotype sharing is common in

species of Petunia and its sister genus Calibrachoa, with

most studies suggesting rapid morphological divergence

(Ando et al. 2005; Kulcheski et al. 2006; Lorenz-Lemke

et al. 2010; Fregonezi et al. 2013). Another line of

evidence for the hypothesis of shared ancestral polymor-

phisms involves the life history characteristics of Petunia

such as the maternal inheritance of cpDNA (Derepas &

Dulieu 1992) and limited seed dispersal, which is

restricted to short distances (Stehmann et al. 2009).

Divergence and demographic scenarios

The divergence time between P. a. axillaris and

P. a. parodii between �35 and 107 kya found with the

IMa analysis is relatively recent and compatible with

their extensive sharing of cpDNA haplotypes (Fig. 3),

but this divergence time may be greater than that

between P. a. axillaris and its sister P. exserta (�17 kya,

A. Segatto, C. Turchetto, S.L. Bonatto, L.B. Freitas,

unpublished data). Petunia exserta and P. a. axillaris are

distinguished primarily by differences in habitat and

floral syndromes. The former is hummingbird polli-

nated, and the latter is hawkmoth pollinated (Lorenz-

Lemke et al. 2006).

The effective population size (Ne) and its dynamics in

time as estimated by the BSP approach using the

cpDNA data showed different patterns for each subspe-

cies (Fig. 5), which are mostly concordant with the sig-

nals from the neutrality tests (Table 3). One important

point is that these different demographic patterns sup-

port the evolutionary independence of the three subspe-

cies because that would otherwise present similar

histories. Note also that the median estimates of the

present day Ne for P. a. axillaris and P. a. parodii in the

BSPs, which are approximately 1E6, are broadly similar

to the independent Ne estimates from IMa (that used

both the cpDNA and CAPS data). Because these are the

first genetic- or census-based population size estimates

for this species, we could compare these values with

only similar estimates for some species of Petunia from

the highlands (Lorenz-Lemke et al. 2010) and one low-

land species from the sister species Calibrachoa (M€ader

et al. 2013). Interestingly, both of the latter studies also

estimated Nes to be approximately 1E6, and these are

large numbers as expected for herbaceous species with

large distributions. The difference in the demographic

history between P. a. axillaris and P. a. parodii, as seen

in the BSPs (Fig. 5), begins approximately between 50

and 100 kya, which was the estimated divergence time

between them. Because the subspecies are distributed in

different geomorphological areas (Fig. 1 and Fig. S1A,

Supporting information) and present clear niche (biocli-

matic variables) divergence (Fig. 2C), they likely

responded differently to the palaeoclimatic fluctuation

over the last hundred thousand years. For example,

P. a. parodii distribution extends well into the Chaco

Plain, which is characterized by a highly seasonal

climate that produces xeromorphic forest formations

(Spichiger et al. 2004). The climate was drier and at least

5–7 °C cooler during glacial periods, and the Antarctic

cold fronts were more frequent and more intense. These

conditions could have allowed these fields to extend

approximately 750 km to the north and reach latitudes

of 28–20°S (Behling 2002), which could have allowed

P. a. parodii to expand in range and size (Fig. 5A). Inter-

estingly, a similar pattern of population growth was

found in the highland Petunia altiplana (Lorenz-Lemke

et al. 2010), which is also adapted to a colder climate.

On the other hand, P. a. axillaris underwent a moderate

© 2013 John Wiley & Sons Ltd
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bottleneck around the LGM followed by a size recovery

(Fig. 5C). A similar pattern of population increase fol-

lowing the end of the LGM was found in Calibrachoa

heterophylla, a species that is also distributed (although

much more restricted) in the eastern lowlands of the

Pampas, a region that was much affected by the

increase in temperature and humidity at the beginning

of the Holocene (M€ader et al. 2013).
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