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* Background and Aim Quaternary glaciations strongly affected the distribution of species from arid and semi-
arid environments, as temperature drops were accompanied by strong fluctuations in rainfall. In this study, we
examined the response of xerophytic species to glacial cycles, determining the genetic patterns and climatic niche
of Echinopsis chiloensis var. chiloensis, an endemic columnar cactus of arid and semi-arid regions of Chile.

* Methods We analysed 11 polymorphic microsatellites for 130 individuals from 13 populations distributed
across the entire distribution of the species. We examined genetic diversity and structure, identified possible pat-
terns of isolation by distance (IBD) and tested two competing population history scenarios using Approximate
Bayesian Computation. The first scenario assumes a constant population size while the second includes a bottle-
neck in the southern population. The latter scenario assumed that the southernmost populations experienced a
strong contraction during glaciation, followed by a postglacial expansion; by contrast, the area of the northernmost
populations remained as a stable refugium. We also used ecological niche modelling (ENM) to evaluate the loca-
tion and extension of suitable areas during the Last Glacial Maximum (LGM) and the mid-Holocene.

* Key Results We found a decline in genetic diversity towards high latitudes and a significant IBD pattern that
together with ENM predictions suggest that E. chiloensis var. chiloensis experienced range contraction northwards
during wet—cold conditions of the LGM, followed by expansion during aridification of the mid-Holocene. In add-
ition to IBD, we detected the presence of a strong barrier to gene flow at 32°30’S, which according to coalescence
analysis occurred 44 kyr BP. The resulting genetic clusters differed in realized climatic niche, particularly in the
variables related to precipitation.

* Conclusions Our results suggest that the cactus E. chiloensis var. chiloensis experienced range contraction and
fragmentation during the wet—cold conditions of the LGM, which may have facilitated ecological differentiation
between northern and southern populations, promoting incipient speciation.

Keywords: Desert, Echinopsis chiloensis, ecological niche modelling, glacial fragmentation, microsatellites,

post-glacial expansion, phylogeography.

INTRODUCTION

Quaternary climatic oscillations strongly affected the distri-
butions of plant species in the temperate and boreal regions of
the Northern and Southern Hemispheres (Hewitt, 1996, 2000).
Accordingly, genetic and fossil evidence show that during glacial
periods many plant species contracted their distribution range to
warm regions at lower latitudes and lower elevations, while oth-
ers persisted at high latitudes and montane regions in small areas
surrounded by unfavourable conditions (multiple or cryptic re-
fugia) (Cruzan and Templeton, 2000; Bennett and Provan, 2008;
Rull, 2009; Premoli et al., 2000). Less is known about the re-
sponse of xerophytic species of arid and semi-arid regions where
glaciers did not occupy large areas, but where temperature drops
were accompanied by strong fluctuations in rainfall (but see
Tarasov ef al., 2000; Médail and Diadema, 2009).

One of the most conspicuous elements of the arid and semi-
arid areas of the Americas are the columnar cacti (Fleming and
Valiente-Banuet, 2002; Yetman, 2007), which belong to different

lineages of the family Cactaceae. The largest species richness
of columnar cacti is concentrated in Mexico, adjacent Central
Anmerica, and south-western United States, but they are also prom-
inent in eastern South America and the south-western Andean re-
gion (Gémez-Hinostrosa and Herndndez, 2000; Hernindez et al.,
2001; Mauseth et al., 2002; Ortega-Baes and Godinez-Alvarez,
2006; Guerrero et al., 2011, Gurvich et al., 2014).
Cornejo-Romero et al. (2013) reviewed the research on gen-
etic structure that can contribute to explain cactus speciation in
North and South America. Some of these genetic studies incorp-
orated a historical component in their analyses, and documented
contrasting responses of columnar cacti to Quaternary climatic
fluctuations. For example, in the Sonora Desert, where conditions
were wetter than at present during the Last Glacial Maximum
(LGM), the widespread cactus species Lophocereus schottii
(Nason et al., 2002) and Pachycereus pringlei (Gutiérrez-Flores,
2015) show a marked decrease in genetic diversity with latitude
and an isolation-by-distance pattern (IBD) concordant with the
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classical scenario of glacial contraction—postglacial expansion.
In the Tehuacan-Cuitlan Valley, there is evidence of a bottleneck
for Neobuxbaumia macrocephala, N. mezcalensis and N. tetetzo
(Esparza-Olguin, 2005), which could also support the hypothesis
of contraction—expansion. In contrast, high levels of population
divergence have been documented for Pilosocereus machrisii
of central South America that today grow in small and isolated
patches of xerophytic vegetation (Moraes et al., 2005; Bonatelli
et al., 2014) that are thought to have functioned as refugia dur-
ing the wet—warm conditions of interglacial periods (interglacial
refugia). There is little information about the genetic structure of
cacti in southern South America. Only one study in Echinopsis
terscheckii showed significant genetic structure, but this was
not studied in relation to historical processes (Quipildor ef al.,
2017). However, in general terms, during the LGM the tropics of
South America were drier than the present climate with the ex-
ception of north-eastern Brazil, while the subtropics were wetter
(Wainer et al., 2005).

In Chile, the semi-arid region occurs from 30° to 34°S along
a steep rainfall gradient that is controlled by the latitudinal pos-
ition of the Southern Westerly Wind (SWW) belt and Southern
Pacific Anticyclone (SPA). During the LGM, the SWW belt was
probably stronger and displaced towards the equator, producing
increased winter rains in north-central Chile (Heusser et al.,
1999; Lamy et al., 1999; Kaiser et al., 2008). Accordingly, an
increased abundance of humid-adapted C, vegetation at 30°S
and northward expansion of temperate forest taxa has been
documented for the LGM (e.g. Nothofagus and Prumnopitys)
(Heusser, 1990; Valero-Garcés et al., 2005; Kaiser et al.,
2008). After 16 kyr BP, humidity started to decrease (Kaiser
et al., 2008), with maximum aridity in the mid-Holocene (7-6
kyr BP), when vegetative cover was very low and domin-
ated by xerophytic C, and CAM plants (Valero-Garcés et al.,
2005; Maldonado and Villagran, 2006; Kaiser er al., 2008).
Conditions became wetter during the Late Holocene and pre-
sent day (Maldonado and Villagran, 2006; Kaiser et al., 2008).

Echinopsis chiloensis (Colla) Friedrich & G.D. Rowley is a
species complex formed by three varieties of endemic columnar
cacti that inhabit the arid and semi-arid regions of north-central
Chile (30°-34°S): E. chiloensis var. chiloensis with a wider in-
land distribution (VI to IV Region), E. chiloensis var. litoralis
(Johow) M.Lowry, which grows along the coast from Valparaiso
(V Region) to Los Vilos (IV Region), and E. chiloensis var.
skottsbergii (Backeb. ex Skottsb.) G.J. Charles, which is re-
stricted to the localities of Fray Jorge and Talinay (IV Region).
In this study, we examined the genetic diversity patterns of
E. chiloensis var. chiloensis (hereafter E. chiloensis) using 11
microsatellite markers and complemented these data with eco-
logical niche modelling (ENM). We attempt to: (1) determine
the climatically suitable areas for this cactus species during the
LGM and the mid-Holocene (maximum aridity), (2) estimate
genetic diversity and population divergence of E. chiloensis
and (3) explore its historical demography by simulating alter-
native scenarios using coalescent-based Approximate Bayesian
Computation (ABC).

Based on information for the glacial period of Chile, we expect
to find evidence of northward contraction during the LGM and
recent southward expansion, which are expected to have caused
a north-to-south trend of decreasing genetic diversity and IBD.

MATERIALS AND METHODS

Present and past distribution ENM models

We modelled the present ENM of E. chiloensis from 50 unique
georeferenced species records obtained from our fieldwork,
taking precaution not to georeference populations on the western
side of the coastal mountains, to avoid confounding with other
varieties or hybrids. The present ENM was constructed using the
maximum entropy method (Phillips et al., 2006) and ten biocli-
matic variables contained in the dataset of Pliscoff ef al. (2014,
http://www.unil.ch/ecospat/home/menuguid/ecospat-resources/
data.html) at 1-km? resolution. Based on an initial set of models
run using all 19 bioclimatic layers, by using a principal com-
ponents analysis (PCA) we selected ten climatic variables that
contributed most to the variance (Biol, Bio5, Bio7, Bio9, Biol0,
Biol4, Biol5, Biol7, Biol8 and Bio19). Precipitation variables
had the highest eigenvalues in PC1, explaining 52 % of the vari-
ance, and temperature variables contributed the most in PC2,
explaining an additional 31 % of the variance.

Background points were randomly chosen within the area
enclosed by a minimum convex polygon including all records
of the species. Occurrence data were partitioned 100 times into
training and test data (75 % and 25 %, respectively) for model
evaluation using the area under the operating characteristic
curve (AUC). The relative contribution of each variable was
analysed through MaxEnt’s jackknife tests. Finally, we used the
average model of 50 ENM replicates.

To estimate the potential distribution of E. chiloensis during
the LGM and mid-Holocene, we projected the average current
ENM onto the reconstructed past climatic conditions for both
periods available in the WorldClim dataset with a resolution of
4.5 km? (Hijmans et al., 2005). We tested three general circula-
tion models: the Community Climate System Model (CCSM4)
(Gent et al., 2011), Model for Interdisciplinary Research on
Climate (MIROC-ESM 2010) (Watanabe et al., 2011) and the
Max Planck Institute for Earth system model setup of orbit and
vegetation (MPI-ESM-P). We selected the MPI-ESM-P model
because it was more consistent with fossil evidence of the
LGM palaeoclimate (Moreno et al., 1994; Kaiser et al., 2008;
Maldonado and Rozas, 2008).

Niche equivalency was calculated by pooling all occur-
rence records and split into two random datasets to calculate
Schoener’s D statistic (Schoener, 1992), where D = 1 means
complete niche overlap and D = 0 means niche non-overlap,
evaluating overlap between the original and random datasets.
This process was replicated 100 times to calculate a P-value
for statistical support in the test of the null hypothesis (niche
equivalency). Analyses were made in R utilizing the ECOSPAT,
ADE4, ADEHABITATHR and SP packages.

Microsatellite analysis

The material for this study consisted of 130 samples of
stem tissue of E. chiloensis collected from 13 localities be-
tween 29° and 33°S (Fig. 1). Samples of ten individuals per
locality were stored in silica gel; total genomic DNA was ex-
tracted following the method of Ossa et al. (2016), modified
from the cetyltrimethyl ammonium bromide (CTAB) method
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of Doyle and Doyle (1987). Individuals were genotyped at 11
polymorphic microsatellite loci: Ech4, EchS, Ech9, Echl6,
Ech20, Ech21, Ech22, Ech23, Ech25, Ech28 and Ech29 (Ossa
et al., 2016). Fragment lengths were sequenced using a 3130xl1
Genetic Analyser (Applied Biosystems, Life Technologies,
ThermoFisher Scientific, Waltham, MA, USA). Microsatellites
were analysed using Geneious R8.0.5 (http://www.geneious.
com; Kearse et al., 2012).

To determine whether some loci are under selection we used
BayesScan v.2.01 (Foll and Gaggiotti, 2008) implemented in R,
to identify loci under divergent or uniform selection. We used
the default parameters given in the program for this analysis.
As recommended in the manual, we used an analysis of false
discovery rate (FDR) in R.

Genetic diversity

The mean number of alleles (V), number of rare alleles (A,),
expected heterozygosity (H,), observed heterozygosity (H ) and
deviations from Hardy—Weinberg equilibrium (HWE) were es-
timated for each site using GenAlEx v.6.1 (Peakall and Smouse,
2006). Linkage disequilibrium between each pair of loci was
examined using Genepop v.4.2 (Raymond and Roussett, 1995;
Rousset, 2008) for each sampling location. The null hypothesis
of linkage equilibrium was accepted for all comparisons (P >
0.06). To examine possible founder effects and explore the pro-
cess of southward and eastward expansion, we tested the effect
of latitude and longitude on within-population genetic diversity
using a linear regression model in R (R Core Team, 2015).
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F1G. 1. Map of north-central Chile showing the sampling sites of Echinopsis chiloensis.
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Population divergence

To evaluate the population structure of E. chiloensis we used
the spatially explicit Bayesian clustering program Geneland
v.4.0.0 (Guillot et al., 2005), which uses multilocus geno-
types and spatial coordinates of individuals to cluster them into
populations at approximately HWE. We performed 1 000 000
Markov chain Monte Carlo (MCMC) iterations with 1-13 gen-
etic clusters (K), a thinning interval of 100 generations and an
uncorrelated allele frequency model. We also examined popu-
lation structure using the Bayesian program Structure v.2.3.1
(Pritchard et al., 2000), which identifies the number of gen-
etic clusters (K), and assigns each individual to these clusters
probabilistically without sampling location information. We
carried out ten independent runs with K values ranging from 1
to 13 using the MCMC method. Each run was estimated as 100
000 steps, with a 100 000-step burn-in. To determine the most
likely number of clusters (K) we used the Structure Harvester
v.0.6.93 tool (Earl and vonHoldt, 2012). We performed a hier-
archical analysis of molecular variance (AMOVA) in GenAlEx
to quantify the degree of differentiation between these clus-
ters. To identify patterns of IBD, we estimated pairwise F,
values for all pair of sites in GenAIEx and then performed a
Mantel test with geographical distances. Given that IBD can
introduce biases in clustering analyses (Meirmans., 2012), we
constructed a pairwise cluster relatedness matrix, consisting of
zeros (when populations belong to different genetic clusters)
and ones (when populations belong to the same cluster). We
then conducted a partial Mantel test between genetic distances
and clusters using geographical distances as the covariate. In
this way, we discount that clusters obtained by Structure and
Geneland resulted from IBD.

Demographic history

To examine whether E. chiloensis has undergone changes in
effective population size over time, we used coalescent-based
approximate Bayesian computation implemented in DIYABC
v.2.0 (Cornuet et al., 2014). Based on the results of Structure
and Geneland analyses, we defined two populations and con-
structed two scenarios. The first scenario assumes a constant
population size, whereas the second includes a bottleneck in
the southern population when it split from the northern popula-
tion (Fig. 2). The latter scenario is based on the hypothesis that
the southernmost populations of E. chiloensis experienced a
strong contraction during glaciation, followed by a postglacial
expansion, while the area of the northernmost populations re-
mained as a stable refugium, based on the Pleistocene history
of the Chilean Mediterranean flora (see Valero-Garcés et al.,
2005; Maldonado and Villagran, 2006; Kaiser et al., 2008),
and in agreement with observations for North America. We
assumed a uniform prior distribution of mean mutation rate
from 107 to 107 and a generalized stepwise mutation model.
We estimated the mean number of alleles, mean genetic diver-
sity and mean allele size variance for each population. We ran
2 x 10° simulated datasets to estimate posterior probabilities
of both scenarios using logistic regression. We selected the
scenario with the highest posterior probability and estimated
the values of the associated demographic parameters. The

Scenario 1 Scenario 2

NA NA
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Lo
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FI1G. 2. Scenarios explored in DIYABC. The first scenario assumes a constant
population size. The second scenario includes a bottleneck in the southern popu-
lation when it split from the ancestral population. The latter scenario is based
on the hypothesis that the southernmost populations of Echinopsis chiloensis
experienced a strong glacial contraction followed by a postglacial expansion,
whereas the northernmost populations remained as a stable refugium. NA, N1,
N2 and NB denote the population size of the ancestral population, the northern
population at present, the southern population at the present and southern popu-
lation during the bottleneck.

modelling was previously checked using PCA, implemented
in DIYABC. Over 10 000 random simulations were made, in
order to check if the prior distributions allowed simulating
data sets to be close to the observed data whatever the scen-
ario envisaged.

Niche overlap between genetic clusters

A posteriori, we estimated the niche overlap between the
two genetic clusters obtained with the Structure and Geneland
analyses using the approach of Broennimann et al. (2012).
Based on the initial ten bioclimatic layers selected, we selected
the six variables that contributed at least 4 % to model per-
formance (Bio5, Bio7, Biol4, Biol5, Biol8, Biol9) through
a Jackknife test of each variable’s importance for the ENM in
MaxEnt; the other variables contributed less than 1 % to model
performance. We estimated the density of occurrence of both
genetic clusters and of climatic variables along the first two
PCA axes. Niche overlap along these two axes was then meas-
ured using the D statistic (Warren et al., 2008), which varies
from O (no overlap) to 1 (complete overlap). The observed D
value was compared against a reference null distribution con-
structed by randomization with 100 replicates (i.e. all occur-
rences are pooled and randomly split into two datasets). The
null hypothesis of niche equivalency is rejected when the ob-
served value of D is lower than 95 % of the simulated values.
Analyses were performed in R v.3.3.2 utilizing the ECOSPAT,
ADE4, ADEHABITATHR and SP packages (Broennimann
etal., 2014).

RESULTS

Present and past distribution ENM models

The ENM model showed high power of discrimination between
presences and background (AUC values of 0.996) and predicted
accurately the current distribution of E. chiloensis (Fig. 3). Two
areas of high suitability were detected under current conditions,
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one at 31°S and other at 34°S, separated by an area of mod-
erate suitability located around 32°S. Palaeoclimatic models
indicated that the climatic space was more restricted and frag-
mented during the LGM than at present, with a clear decrease
in probability of occurrence southward and the persistence of
an area of high suitability at 31°S. We also detected a second
disjunct area of high suitability outside the current distribution
of the species at 27°S (Fig. 3). Climatic space during the mid-
Holocene was more continuous than at present, but similar in
extent. These results suggest a northward contraction of species
during the wet—cold conditions of the LGM, followed by south-
ward expansion during the extreme xeric conditions of the mid-
Holocene and by an incipient fragmentation during the wetter
conditions of the Late Holocene.

Genetic diversity

Analysis using BayeScan v.2.01 showed that all the micro-
satellites were neutral, the g-values were between 0.0038 and
0.8465, and the FDR was between 0.9962 and 0.08362.

Echinopsis chiloensis showed a decreasing trend in gen-
etic diversity southward and eastward (Table 1; Fig. 4). Linear
models revealed a significant effect of latitude and longitude on

allelic richness (Lat: Fz’ o =22.1, P <0.001; Lon: Fz’10 =11.1,
P =0.007), the number of rare alleles (Lat: Fz’10 =5.6,P=0.04;
Lon: F,,, = 5.5, P = 0.04) and expected heterozygosity (Lat:
Fz,lo =124, P =0.005; Lon: F2,|0 =6.7, P = 0.03); by contrast,
observed heterozygosity was only significantly related to lati-
tude (Lat: Fz,10 =6.2,P=0.03; Lon: Fz,10 =2.2,P=0.16). These
results are consistent with a classical scenario of range contrac-
tion towards the north and coast during the LGM, followed by
a postglacial expansion towards higher latitudes and elevations.
Population divergence

AMOVA revealed that 75 % of the genetic variation was par-
titioned within individuals and only 25 % among populations.
Both Geneland and Structure analyses identified two geograph-
ical groups: north (TO, HU, MP, CM, LR, LC, TL, CB) and
south (CL, FA, CU, LE, MA), with a boundary around 32°30’S
(Fig. 5). Differentiation between these regions was significant
(AMOVA; P=0.001), with 22 % of the genetic variation corres-
ponding to differences among regions and only 11 % to differ-
ences among populations. Genetic distance (DGEN) between
populations was significantly associated with geographical dis-
tance (DGEO) (Fy,5 = 71.32, P < 0.001), indicating a signifi-
cant IBD pattern, as well as cluster relatedness (F2,75 =70.32,
P < 0.001), suggesting the presence of a strong barrier to gene
flow in addition to IBD (Fig. 6).
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F1G. 3. Geographical distribution of Echinopsis chiloensis according to MPI-ESM-P model consensus maps for the Last Glacial Maximum, mid-Holocene and
present.
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TABLE 1. Geographical location, sample size (N), allelic richness (A), rare alleles (A), observed (H ) and expected (H ) heterozygosity
and inbreeding coefficient (F ) for 13 sites of Echinopsis chiloensis based on 12 nuclear microsatellites. Asterisks indicate significant
deviation from Hardy—Weinberg equilibrium

Locality Abbreviation Latitude S Longitude W

N A A H, H F,

R e 1S
Tololo TO 30°02" 70°49” 10 2.727 1.732 0.371 0.367 0.046
Huampulla HU 3027 70°59 10 2.818 1.963 0.429 0.440 0.079
Monte Patria MP 30°427 71°01" 9 2.455 1.503 0.222 0.275 0.248
Combarbald CM 31°09” 71°01" 10 2.909 1.936 0.383 0.434 0.171
Los Rulos LR 31°19 71°13” 10 2.909 2.053 0.318 0.450 0.340%*
Las Chinchillas LC 31°30" 71°07 10 3.000 1.734 0.291 0.366 0.255%
Tilama TL 32°05” 71°15” 11 2.818 2.028 0.364 0.392 0.121
Cabildo CB 329207 71°00 10 2.909 1.894 0.382 0.431 0.166
Caleu CL 33°01” 70°57 10 2.636 1.624 0.345 0.332 0.012
Farellones FA 33°21” 70°21" 10 2.182 1.497 0.172 0.233 0.308*
Culitril CU 339527 70°40 10 2.182 1.388 0.175 0.253 0.357*
La Leonera LE 34°03" 70°38” 10 2.000 1.463 0.227 0.248 0.136
Machali MA 34°11” 70°37 10 2.273 1.713 0.274 0.285 0.094
All populations - - - 130 2.601 1.733 0.304 0.347 0.165%*
o H o H Niche overlap between genetic clusters
0 “ Mo
5 048 L . | he * He The two genetic clusters obtained with the Structure and
g e Geneland analyses showed significant differences in the real-
% 0.35 1 ized climatic niche. The D overlap index was lower than
s 1 expected under the null hypothesis of niche equivalency
3 025 (D =021, P = 0. 02). According to PCA—environment ana-
i lysis, clusters differ more in precipitation than in temperature
0.15 | ° e ° °| dimensions of the niche (Fig. 7). The first principal component,
' ' ' ' ' ' ' which explained 58 % of the variance, clearly separated genetic
3.0 S I clusters. This axis was positively correlated with summer and
o 6 ° : 2 o, e : i winter precipitation (Biol4, Biol8 and Bio19) and negatively
[%2] - . .« . . . .
s o R o R | correlated with precipitation seasonality (Biol5). In contrast,
=251 o . 1 ° ) no segregation between clusters was observed with respect to
5 0o o ®. o the second component (PC2). This axis explained 25 % of the
8204, ,°° ° 1 * o o variance and was negatively correlated with temperature annual
5 ® e range (Bio7) and summer temperature (Bio5).
z * v - * . =2
154 ] . -7:»”" 4 o . - T
Ld LJ
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Longitude (°W)

30 31 32 33 34 712
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FiG. 4. Latitudinal and longitudinal variation in allelic richness (A), number
of rare alleles (A), observed heterozygosity (H,) and expected heterozygosity
(H) in Echinopsis chiloensis.

Demographic history

DIYABC analyses indicated that scenario 2, which in-
cluded a bottleneck in the southern population, was more
probable than scenario 1 (Fig. 2), which assumed a constant
population size (scenario 2: probability = 0.93; scenario 1:
probability = 0.07). According to scenario 2, the southern
population diverged from the northern population 2200 gen-
erations ago [90 % confidence interval (CI): 542-7160],
when it had an effective population size seven times smaller
than the northern population (NB: median = 1110, 90 %
CI = 143-3640; N1: median = 7230, 90 % CI = 3840-9560).
The southern population would have experienced an ex-
pansion around 695 generations ago (90 % CI: 313-3540),
reaching a N_ of 5450 (90 % CI: 2380-9370).

DISCUSSION

Palaeo-reconstructions of the climatic niche of the columnar
cactus E. chiloensis and its genetic patterns suggest that this
species experienced range contraction and fragmentation dur-
ing the last glaciation. Palaeoclimatic models predicted range
contraction towards the north of Chile during the cold-wet
conditions of the LGM, followed by a southward expan-
sion during the warm—dry conditions of the mid-Holocene.
Correspondingly, we detected a remarkable decline in genetic
diversity inland and southward, together with a significant pat-
tern of IBD, that are consistent with a recent demographic ex-
pansion in which successive population bottlenecks reduced
diversity (Hewitt, 1996; Comps et al., 2001; Petit et al., 2002).
In addition to IBD, we found the presence of a strong barrier to
gene flow around 32°30’S that according to DIYABC analysis
would have formed 2200 generations ago. These analyses also
suggest that along with fragmentation, the southernmost popu-
lations of E. chiloensis experienced a bottleneck that lasted
1500 generations and was followed by a population expansion
process that started 695 generations ago and involved a five-
fold increase in population size.
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membership. Two genetic clusters were identified (left: North, right: South).

DGEO

FiG. 6. Pairwise genetic differentiation among sampling locations (Fy;) against

geographical distances. Pairs of sampling locations belonging to the same and

different genetic clusters are denoted with filled and open circles, respectively
(DGEN: genetic distance; DGEO: geographical distance).

The generation length of E. chiloensis and other columnar
cacti of Chile remains unknown, but there are data for giant
cacti of Mexico, including Cephalocereus columna-trajani that
reaches reproductive maturity at 60—70 years when it has a mean
height of 3.5 m, and Carnegiea gigantea at around 52 years with
a height of 2.4 m (Zavala-Hurtado and Diaz-Solis, 1995). The
generation time of E. chiloensis is probably shorter, because
it reaches reproductive maturity at smaller sizes (1.0 m; C. G.
Ossa, pers. observ.). Assuming a generation time of 20 years,
divergence between northern and southern populations together
with contraction of the latter would have occurred around 44
kyr BP, that is during the last glaciation. The same data sug-
gest that the southward expansion of E. chiloensis would have
started around 14 kyr BP. This time matches partially with
the beginning of an arid period in north-central Chile (Kaiser
et al., 2008). Based on terrestrial and marine organic proxies
from marine sediments obtained at 30°S, Kaiser et al. (2008)
suggested that humidity started to decrease in north-central
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FiG. 7. Environmental niche of the northern (A) and southern (B) genetic clusters of Echinopsis chiloensis along the first two axes of PCA—environment analyses.
Grey shading shows the density of occurrence of the species by cell, whereas the solid and dashed lines correspond to 100 % and 50 % of the background envir-
onment, respectively. The contribution of the climatic variables on PCA axes is also shown.

Chile at 17-16 kyr BP, 2 kyr after the beginning of tempera-
ture warming and Antarctic sea ice retreat (19 kyr). Pollen re-
constructions from Laguna Tagua Tagua located at 34°S also
suggest a reduction in humidity starting around 15 kyr BP with
the retraction southward of typical evergreen arboreal taxa
(Heusser, 1990; Valero-Garcés et al., 2005). Maximum aridi-
ficaion, however, was reached in the mid-Holocene (7-6 kyr
BP), when vegetative cover was very low and dominated by
xerophytic C, and CAM plants (Valero-Garcés et al., 2005;
Maldonado and Villagran, 2006; Kaiser et al., 2008).

Genetic evidence of postglacial population expansion has been
documented for the columnar cacti Lophocereus schottii (Nason
et al., 2002) and Pachycereus pringlei (Gutiérrez-Flores, 2015),

as well for other xerophytic plants from the deserts of North
America (Agave lechuguilla, Silva-Montellano and Aguiarte,
2003; Larrea tridentate, Duran et al., 2005; Hunnemannia
fumariifolia, Sosa et al., 2009; Humifusa, Majure et al., 2012;
Lindleya, Véasquez-Cruz and Sosa, 2016), as well as Asia
(Juniperus sabina, Guo et al., 2010; Clematis sibirica, Zhang
and Zhang, 2012; Nitraria, Su et al., 2016), where cold-wet
conditions during glacial periods caused the range contraction
of xerophytic plants. Likewise, other drought-adapted plants of
northern and central Chile show genetic signals of postglacial
range expansion, including the shrubs Nolana crasullifolia and
N. incana (Ossa et al., 2013) and the shrub Colliguaya odorif-
era (Bull-Hereiie et al., 2005). However, none of these Chilean
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species shows evidence of a genetic break. Conversely, a gen-
etic break around 31-33°S has been detected in the tree species
Drymis winteri (Jara Arancio et al., 2012), Aextoxicon punctatum
(Nufiez-Avila and Armesto, 2006) and Myrceugenia correifolia
(Pérez et al., 2017). All these species grow in the fog-dependent
forests of northern and central Chile that are considered climatic
relicts. It is thought that fragmentation and contraction of their
distribution ranges was triggered by the increased warming
and reduced rainfall that occurred during Late Tertiary (Nufiez-
Avila and Armesto, 2006) or later, during warm/dry cycles of the
Pleistocene (Villagran et al., 2004; Pérez et al., 2017). Recently,
based on microsatellite data, Pérez et al. (2017) suggested that
increased precipitation during glacial periods triggered north-
ward expansion of the range of M. correifolia, with subsequent
admixture between populations that remained separated during
interglacial periods.

Range fragmentation in E. chiloensis triggered by glacial peri-
ods could have facilitated differentiation of ecological traits. As
revealed by PCA—environment analyses, genetic clusters differ
in realized climatic niche, which can reflect different climatic re-
quirements and physiological tolerances. Also, it has been shown
that floral morphology and pollination syndromes vary across the
distribution range of E. chiloensis. Flowers of southern popula-
tions open at dusk and are pollinated by hawk moths, bees and
dipterans (Walter, 2010; Lemaitre et al., 2014), whereas in nor-
thern populations flowers open in the morning and are pollinated
only by bees and dipterans (Ossa and Medel, 2011). The limit
found between gene clusters also matches the relative distribution
of two different haplotypes of the holoparasite Tristerix aphyl-
lus (Amico and Nickrent, 2009), which infects E. chiloensis and
other columnar cacti of northern and central Chile (Follman and
Mahu, 1964). Congruence between the genetic structure of para-
sites and their hosts has been found frequently in other systems
(Mazé-Guilmo et al., 2016), and indicates that hosts and their
parasites evolved in response to similar historical and environ-
mental events (Nieberding and Olivieri, 2007).

Echinopsis chiloensis showed higher levels of population di-
vergence (F, = 0.25) than many columnar cactus species from
North America (Pachycereus schottii, Parker and Hamrick,
1992; Carnegiea gigantea, Pachycereus pringlei, Hamrick
et al.,2002) and Venezuela (Stenocereus griseus, Cereus repan-
dus, Pilosocereus lanuginosus, Nassar et al., 2003), in which
3-14 % of the genetic variation is explained by differences
among populations. Most of these species are pollinated by
bats. In contrast, E. chiloensis is pollinated by insects (Walter,
2010; Ossa and Medel, 2011; Lemaitre et al., 2014), which
travel shorter distances than bats, reducing gene flow among
populations. Levels of population differentiation similar to
those of E. chiloensis were observed in Stenocereus thurberi
(Fg; = 0.18), which also shows variation in phenology and pol-
lination syndromes.

Our results suggest that the cactus E. chiloensis experienced
range contraction and fragmentation during the wet—cold con-
ditions of the last glaciation. Range fragmentation may have fa-
cilitated differentiation of southern and northern populations in
several ecological traits, including climatic requirements, phen-
ology and pollinators. Future studies are needed to examine
whether differentiation in pollinators and flower phenology
could drive incipient speciation in E. chiloensis.
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