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Abstract

+ Key message Past demographic changes and current selection pressures determine the genetic variation displayed by
Nothofagus species along rainfall gradients. Based on the diversity trends observed at candidate genes associated to drought
stress, we inferred a differential species’ adaptive potential.

« Context Clinal genetic variation in natural populations could reflect either recent demographic history or the evolution of
adapted genotypes along heterogeneous environments.

« Aims We describe genetic variation patterns in three Nothofagus species of South American temperate forests, growing along
steep rainfall gradients. Our hypothesis is that the selection pressure along this gradient reinforces the genetic structure previously
shaped by Pleistocene climate oscillations.

+ Methods We screened variation along gradients at putative adaptive markers: candidate genes involved in response to drought,
and EST-SSRs linked to drought stress genes. Genomic SSRs (gSSRs) were used to decouple the incidence of demographic
events in the genetic structure.

+ Results Genetic diversity at SSRs agreed with the putative location of cryptic Pleistocene refugia in Nothofagus. In addition,
each species showed different trends for nucleotide diversity at candidate genes. Unbiased heterozygosity significantly correlated
with precipitation at EST-SSRs in Nothofagus nervosa. We found evidences of balancing selection and several SNPs departed
from neutral expectations.

+ Conclusions Nothofagus genetic variability shows a strong imprint of demographic changes that reveals refugia location for the
species during Pleistocene. This variability is modelled by environmental conditions across natural gradients, which impose
selection pressure at genome regions related to stress response, providing clues about inter-specific differences in adaptive
potential to water deficit.
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1 Introduction
Contribution of the co-authors Carolina Soliani, Maria Marta

Azpilicueta, Maria Veronica Arana and Paula Marchelli conceived and

designed the experiments; Carolina Soliani performed the experiments, Climate is currently experiencing significant changes on a

analyzed the data and wrote the first version of the manuscript and all global scale, thus affecting ecosystems and generating shifting
authors contributed to the writing and revision of the final manuscript. environments (Allen et al. 2010). The impact on tree species is
Electronic supplementary material The online version of this article of concern due to their role as keystone species in the struc-
(https://doi.org/10.1007/s13595-019-0908-x) contains supplementary turing of forests and maintenance of biodiversity (Kremer
material, which is available to authorized sers. et al. 2012). In this context, species survival is challenging

and there are different possible responses: either be sufficient-
ly plastic, migrate to more suitable areas, rely on genetic ad-
aptation, or become extinct (Aitken et al. 2008; Pardo-Diaz
et al. 2015). The ability to adapt to novel conditions will ulti-
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(Mosca et al. 2012; Alberto et al. 2013; Fady et al. 2016). To
deal with selective pressures, trees should respond through
differential gene expression or exposing a high number of
genetic variants to selection (Savolainen et al. 2011).
However, the need for adaptation to current rapid climate
changes probably exceeds what long-lived organisms like
trees may be able to cope with (Fady et al. 2016;
Roschanski et al. 2016).

In Patagonia, climatic registers from the last century show that
there has been an increase in mean annual temperature (Villalba
et al. 2005), as well as a decrease in mean annual precipitation,
and general glacial recession (Masiokas et al. 2008). Projections
for the future (20202040 period), based on the HadCM3 model,
predict higher temperatures and decreasing precipitation regimes
(Centro de Investigaciones del Mar y de la Atmosfera 2015).
These tendencies would turn the area into a more xeric region
(Rusticucci and Barrucand 2004; Castaneda and Gonzalez
2008), with strong seasonality and increasing frequency of ex-
treme climate events (e.g. drought) (Alexander et al. 2006), prob-
ably affecting forest growth (e.g. Villalba et al. 2012). Under this
situation, the natural environmental gradients along which spe-
cies occur provide an interesting approach to seek into the genetic
diversity trends including adaptive responses. This would be a
first step to detect clinal genetic variation along these gradients
that could give evidence for the action of selection (Grivet et al.
2011; Chen et al. 2012).

In the North-Patagonian forests, several tree species (in-
cluding Nothofagus spp.) grow along a marked rainfall gradi-
ent imposed by the Andes Mountains” rain shadow.
Accordingly, precipitations decrease from west to east varying
with geographical longitude. Along the evolutionary history
of many plant species, the concurrent shifts in climate may
have influenced the establishment of rainfall gradients in the
region, which could have shaped genetic diversity. As report-
ed for herbs, not only temperature (i.e. ice-ages) but also pre-
cipitation regimes could have been historically affecting plant
species distribution, e.g. Arid Diagonal shifts (Cosacov et al.
2010, 2012). Nothofagus nervosa (= alpina) (Phil) Dim. et
Mil. (Rauli), Nothofagus obligua (Mirb.) Oerst. (Roble
Pellin) and Nothofagus pumilio (Poepp. & Endl.) Krasser
(Lenga) are three of the most important species growing in
North Patagonian forests. All of them possess an outstanding
wood quality as well as a relevant role for the structuring of
forest ecosystems. Nothofagus nervosa and Nothofagus
obliqua are sister species which co-occur along most of their
distribution in Argentina, have a common evolutionary histo-
ry and comparable phylogeographic patterns (Marchelli and
Gallo 2006; Azpilicueta et al. 2009). Notwithstanding, these
species differ in physiological aspects, such as resistance to
drought (Varela et al. 2012), and show differences in their
distribution across precipitation gradients. Whereas
Nothofagus nervosa inhabits regions from around 1200 up
to 3000 mm/year, range limits of Nothofagus obliqua is
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extended from around 800 up to 3000 mm/year being more
tolerant to drier environments. In turn, Nothofagus pumilio, a
cold-tolerant species inhabiting the higher altitudinal niche,
conform edge and small populations at the easternmost, driest
regions of the gradient (steppe-like environment), as well as
extended populations at the humid western locations (i.e. from
200 to 2500 mm/year). The described climatic variation is
thought to confer strong selective pressure to all the species.
In heterogeneous environments, clines of genetic variation
could reflect the evolution of adapted genotypes or recent
demographic history (Kawecki and Ebert 2004). At the mo-
lecular level, it is difficult to discern how selection affects
patterns of nucleotide variation as demographic forces like
drift and variation in population size can produce similar pat-
terns (e.g. Heuertz et al. 2006). Gene flow may also be respon-
sible of introducing better adapted variants, thus contributing
in shaping adaptive genetic variation (e.g. Pluess et al. 2016).
The three Nothofagus species studied here have distinct de-
mographic histories that can have a strong effect on the pat-
terns of variation. Pleistocene glaciations affected the whole
region and multiple glacial refugia were proposed, mainly
located in western sites for Nothofagus nervosa and
Nothofagus pumilio, while Nothofagus obliqua apparently
survived to the east (Marchelli et al. 1998; Azpilicueta et al.
2009; Soliani et al. 2015; Marchelli et al. 2017; Mathiasen and
Premoli 2010). Interspecific differences in the main ecological
traits, like cold and drought tolerance, reinforce these results.
Comparing genetic variation at putatively adaptive vs. neu-
tral markers could be indicative of the relative influence of
selection vs. demographic processes in shaping genetic differ-
entiation and population structure (Chen et al. 2012; Li et al.
2012). Genes showing allele frequencies that correlate with
environmental clines are considered candidates for selection
(outlier loci) (Hohenlohe et al. 2010; Pardo-Diaz et al. 2015).
These footprints in the genome can be attributed to adaptation,
but either the ascertainment of their association with the envi-
ronmental variable under evaluation or its direct link with
increasing fitness (phenotype) represents a challenge to be
unravel. The main goal of this study was to analyse trends in
genetic diversity in Nothofagus populations along precipita-
tion gradients, using a suitable combination of markers. To
accomplish this objective, variation at genes involved in re-
sponse to drought tolerance, as well as microsatellites isolated
from the transcriptome and located near functional genes
(EST-SSRs), was examined in order to look for departures
from neutrality. In addition, a set of microsatellites isolated
from non-coding genomic regions were used to decouple the
incidence of demographic events in the genetic structure. For
this purpose, we selected two longitudinal transects along
which precipitation decreases from west to east. In the north-
ern transect (Lacar Lake, 40° S), the closely related N. nervosa
and N. obliqua grow in sympatry. The southern transect (at
43° S) contains the more xeric forest patches of N. pumilio
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towards the east. Our testing hypothesis is that the establish-
ment of a precipitation gradient shapes population genetic
variation, although its major configuration was settled during
last glaciations. We expect that populations located at the ex-
tremes (western or eastern edges) would be genetically differ-
ent at candidate genes related to drought stress response; also
that an unusual variation pattern of some genes that departs
from neutral expectations could evidence ongoing adaptation
processes to local conditions, more humid to the west and
more xeric to the east. Between species, deeper genetic differ-
entiation may be found, either reflecting macro-evolutionary
changes due to the speciation process or their marked ecolog-
ical preferences. The inclusion of three native species belong-
ing to a key genus of the southern hemisphere may give clues
for prediction of differential adaptive responses.

2 Material and methods
2.1 Environmental gradients and species under study

The three Nothofagus species under study are wind-pollinat-
ed, outcrossing, deciduous trees that hybridize naturally.
Whereas N. pumilio is widely distributed in Patagonia (from
36 to 55° S), N. nervosa and N. obliqua are restricted to 36—
40° S and are mostly protected within National Parks (Sabatier
etal. 2011). The three species co-occur at some locations, but
have different ecological niches towards the eastern edge.
Therefore, we chose the two wider geographical ranges (at
40° S and 43° S) covering a decreasing precipitation regime.
The main life-threatening period is the dry season (December
to February, coincident with late spring and early summer
seasons); in the annual cycle, this mostly coincides with the
growing period of the species. Consequently, trees could be
affected by drought stress, producing a differential effect
along the west-east gradient.

Plant material was collected from seven and six popula-
tions of N. nervosa and N. obliqua, respectively, totalling
251 and 208 individuals (average: 35 ind/pop) in the Lacar
Lake watershed (40° S). Sampling covered from humid sites
near the Andes (western populations, up to 2500 mm/year) to
mesic sites towards the eastern shores of the lake (1200 mm/
year, Fig. la, b), within a short distance (approximately
28 km; Table 1). A set of six N. pumilio populations were
sampled at southern latitudes (Chubut region, 43°), with 236
trees (average: 39 ind/pop) (Table 1; Fig. 1c), along a rainfall
gradient varying from humid sites (1800 mm/year) to the xeric
edge of the distribution (200 mm/year). Populations P1 and P5
represent the extremes of this gradient, respectively. Eastern
forests are fragmented, occurring in a steppe-like landscape
with severe conditions throughout the year. A minimum dis-
tance of 30—50 m was maintained between individual sampled
trees to avoid collecting full or half siblings.

2.2 DNA extraction and microsatellite amplification

Total DNA was extracted from dormant buds following
Dumolin et al. (1995) with minor modifications, such as the
replacement of mercaptoethanol with DTT 2%.

Nuclear microsatellites isolated from the non-coding ge-
nome (16, from now on named as genomic or gSSRs) and
the transcriptome (11, from now on named as EST-SSRs)
were amplified using either labelled primers (fluorescent mark
incorporated in forward or reverse primer) or M13 methodol-
ogy (Schuelke 2000) (Table S1, S2). Primer sequences, poly-
merase chain reaction (PCR) conditions and thermal profiles
have been previously reported (gSSRs: Azpilicueta et al.
2004, Marchelli et al. 2008, Soliani et al. 2010, El Mujtar
et al. 2014; EST-SSRs: Torales et al. 2012, El Mujtar et al.
2017). Individual genotypes were read on ABIPRISM 3700
capillary sequencer and allele assignment was carried out with
GeneMapper v.3.7 (Applied Biosystem).

2.3 Candidate gene selection and sequencing

Candidate genes related to water use efficiency or drought
stress tolerance were identified based on the functional
annotation of N. nervosa transcriptome (Torales et al.
2012), performed from de novo assemblies. Candidates
were selected using key terms from Gene Ontology
(GO) (like ‘drought stress’, ‘water deprivation’, ‘response
to stress’, ‘response to water’, ‘response to osmotic
stress’, ‘water channel activity’, ‘water transport’), and
based on reported gene families already studied in model
or other tree species (e.g. chloroplastic drought-induced
stress protein, dehydrin/ABA response, ethylene signal-
ling protein, 4-coumarate-CoA ligase activity).
Sequences of the selected genes (25) (Table S3) from
different species, including N. nervosa, were recovered
from The National Center for Biotechnology
Information, https://www.ncbi.nlm.nih.gov/(NCBI)
database, or the Fagaceac Genomics Web, https://www.
hardwoodgenomics.org/ (e.g. Fagus sylvatica, Quercus
spp.), to create multiple alignments as references.
Primers were designed around conserved regions in the
target N. nervosa isotigs; this strategy allowed
consideration of inter-specific homology of genes. We
used Primer3 (Untergasser et al. 2007) and then
OligoAnalyzer 3.1 (http://www.idtdna.com/calc/analyzer)
to check primer properties (e.g. melting temperature,
formation of dimers). Oligonucleotides were validated
on genomic DNA, following a general touchdown PCR
procedure with modifications needed for each fragment
(mainly annealing temperature (Ta) and MgCl, concentra-
tion). Post-processing of sequences before data analysis
and detailed information of inspected genes are reported
in the supporting online information (see Table S3).

INRA 2 springer

SCIENCE & IMPACT



https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1007/s13595-019-0908-x
https://doi.org/10.1007/s13595-019-0908-x
http://www.idtdna.com/calc/analyzer

4 Page4of 17

Annals of Forest Science (2020) 77:4

Fig. 1 Sampled locations of N.
nervosa and N. obliqua in the
Lacar Lake watershed (a, b,
respectively) and of N. pumilio in
the Vintter Lake watershed (c).
Variation at microsatellites is
represented on the maps by pie
charts of proportional size
according to heterozygosis
estimations, both at gSSRs and
EST-SSRs
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Table 1  Population genetic diversity and differentiation of each species and microsatellite molecular markers employed (EST-SSR = expressed
sequence tags-transcriptome; gSSR = genome)
Species Pop ID Precip. Mm/  gSSRs EST-SSRs
year
Nothofagus nervosa (Lacar Bandurrias N1 1400 3044 27.0 0.430% 0.061/ 3475 11.8 0.383°% 0.022/0.039
Watershed) Quila Quina N2 1600 32 32.7 0469 0.118 23 13.9 0.463°
A

Quilanlahue N3 2000
Yuco N4 1900
Quechuquina N5 2400

Cerro Malo N6 2400
HuaHum N7 2500

*Mean values

Nothofagus obliqua (Lacar Bandurrias O1 1400
Watershed)

Quila Quina 02 1600

Quilanlahue 03 2000

Yuco 04 1900

Nonthué 05 2450

HuaHum 06 2500

*Mean values

Nothofagus pumilio (Vintter J. S. Martin Pl 200

Watershed)
C. Lago P2 1000
Guacho
Lago Guacho P3 1400
Falso Engafio P4 1000
Lago Engaiio  P5 1800
Rio Pico P6 800

*Mean values

27.6 349 0.4A53 29 123 0.399°
26.11 343 0.4[;77 29 114 0.406°
19.89 36.6 0.4A92 25 129 0.509 4
36.89 34.6 0.439 42 12.4 0.506
A AB
44.56 34.3 0.501 46 12.6 0.493
A AB
31.07 33.5 0.466 32.68 12.5 0.451
30.78 33 0.4[:)7 0.092/0.156 33.75 12.6 0.507* 0.051/0.071
31.78 30.5 0.41556 30.5 14.0 0495
27.78 33.3 0.515)4 28 115 05144
33.56 274 0.4A73 35 9.6 04814
35.11 33.1 0.4A69 38 109 0.476*
17.78 32.5 0.4A95 20 11 05024
29.47 31.6 0.487 30.88 11.6 0.496
27.14 35.0 0.5A37 0.037/0.059 18.75 28.2 0.470* 0.019/0.001
27.14 41.6 0.569 19 243 04194

A
57.29 432 0.584
A

26 42.0 0.560
A

37.71 38.4 0.561 17.25 279 0.456%

A
23.86 382 0.536
A

33.19 39.7 0.558 18.33 26.8 0.448

Pop sampled population, N average number of individuals per population, Hz Nei’s unbiased expected heterozygosity (different letters within species
indicate significant differences between populations, after Friedman test for multiple comparisons), Ay, allelic richness, Fs7 population differentiation
coefficient, G”gr standardized population differentiation coefficient. *Means are only comparable between N. nervosa and N. obliqua because they were

analysed with the same loci

2.4 Data analysis

2.4.1 Characterization of population genetic diversity
and structure by microsatellites

To compare differentiation due to demographic or selection
processes, we first used microsatellites. Genetic diversity and
structure was inferred from microsatellite markers considering
(i) genomic SSRs (totalling 16 gSSRs), presumed as

selectively neutral, and (ii) transcriptome SSRs (totalling 11
EST-SSRs), supposed as putatively adaptive due to their prox-
imal location to coding genes. Functional annotations of genes
located in the near vicinity of EST-SSRs are detailed in
Table S2. Seven N. nervosa populations and six N. obliqua
populations (Fig. 1; Table S1) were genotyped using 14 SSRs
(10 gSSR and 4 EST-SSR (Table S1). In N. pumilio from the
seven gSSRs (Soliani et al. 2015) genotyped at six popula-
tions, one is common with the other species (Npum9) while
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from the eight EST-SSRs (Table S1), genotyped in three pop-
ulations, one is common with the other two species (19SN).

Intra-species genetic diversity and differentiation were es-
timated by calculating allelic richness (AR) after rarefaction to
a common sample size (El Mousadik and Petit 1996) in
FSTAT (Goudet 2001), and the standardized differentiation
index G’gyp (Hedrick 2005) in GenAlEx (Peakall and
Smouse 2006). Significant differences in genetic diversity
(Nei’s unbiased heterozygosity and effective number of al-
leles) were checked through a test of multiple comparisons
among populations with InfoGen (Balzarini and Di Rienzo
2004). Pairwise differentiation coefficients between popula-
tions and their significance after 1000 permutations were also
obtained. An isolation-by-distance pattern was tested by com-
paring pairwise geographic (logarithm transformation) and
Nei’s unbiased genetic distances between populations, using
a Mantel test with 10,000 permutations to test for significance.
A hierarchical analysis of molecular variance (AMOVA) was
performed to evaluate the degree of genetic variation ex-
plained by (a) species (only between N. nervosa and N.
obliqua that were genotyped with the same microsatellites),
and (b) populations within species (GenAlEx 6.4.; Peakall and
Smouse 2006). Statistical significance was obtained on the
basis of 1000 permutations.

Genetic and geographic structure and admixture within
species was assessed in STRUCTURE (Pritchard et al.
2000), based on the LOCPRIOR model (Hubisz et al. 2009),
with admixture and correlated allele frequencies as described
by Falush et al. (2003). Five independent runs for each K
(from 1 to 10) were performed with a 10,000 burn-in period
and 100,000 repetitions. The optimal number of clusters was
obtained by the mean value of the log-likelihoods of 5 runs at
each K (L K mean + SD vs. K graph) and the rate of change in
the log probability of data between successive K values (AK)
(Evanno et al. 2005) using STRUCTURE HARVESTER
(Earl and VonHoldt 2011). As expected, genomic SSRs that
are usually more polymorphic than transcriptome SSRs show
clearer genetic patterns between populations. The stability of
genetic structure was tested by increasing the number of Ks
(with respect to the optimum) on each species and marker
type.

We additionally used discriminant analysis of principal
components (DAPC) (Adegenet package in R) to find princi-
pal components that best fit two conditions: to summarize and
detect differences between clusters and to minimize differ-
ences within clusters (Jombart et al. 2010). To identify the
optimal number of clusters in this method, increasing values
of K are run sequentially, and then the best grouping corre-
sponds to the one with the lowest BIC. A correspondence
between methods (STRUCTURE and DAPC) was found
based on comparative clustering obtained with population’s
membership. In agreement with the robustness of the results,
a graphical representation was constructed based on both
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outputs. At the optimum clustering, we identified genetically
homogeneous gene pools (i.e. shared clusters and similar
membership coefficients at STRUCTURE, non-significant
pairwise Fgr value), thus assumed to be in equilibrium for
evolutionary forces altering demography. Accordingly, we se-
lected individual trees from populations grouped in a homo-
geneous pool to sequence candidate genes (referred in
Section 2.3) and evaluated its pattern of variation. The select-
ed populations come from both edges of the respective pre-
cipitation gradients (Table 1; next section) in each species.

Additionally, we correlated mean annual precipitation
(MAP) values with populations’ Nei’s unbiased heterozygosity
by adjusting linear regressions. MAP was assumed as a proper
proxy describing the established climate gradients since wet and
dry seasons coincides in terms of duration and temporality at all
sites, and therefore mean precipitation varies similarly along all
gradients. Finally, we perform linear regressions between the
most frequent alleles (> 10%) on each locus (at both gSSRs and
EST-SSRs) and mean annual precipitation. These analyses and
the p value for each adjusted r-squared (R?) were run on R
environment (R Development Core Team 2011).

2.4.2 Characterization of candidate gene sequences related
to drought stress

We analysed the populations at both edges of the respective
gradients, two of V. nervosa, two of N. obliqua and two of N.
pumilio, by re-sequencing from 6 to 12 polymorphic genes in
63 individual trees (totalling 126 haploid sequences). We
screened up to 22 individuals from N. nervosa N7 and N2
populations (11 per population), 24 from N. obliqua O6 and
02 populations (12 per population) and 16 from N. pumilio P5
and P1 populations (8 per population). Nucleotide and haplo-
type diversity (71, Oy, Hd) (Watterson 1975; Nei 1987), as well
as number of segregating sites (S) and haplotypes (H) at pop-
ulation and species levels, were calculated for each gene in
DNAsp v5 (Librado and Rozas 2009). To test for departures
from the neutral model of evolution within populations, we
ran different analytical methods: D (Tajima 1989), Fs (Fu
1997), R? (Ramos-Onsins and Rozas 2002), D* and F* (Fu
and Li 1993). Based on the coalescent algorithm, we ran com-
puter simulations to calculate confidence intervals for each
parameter, with segregating sites and no recombination with
DNAsp v5 (Librado and Rozas 2009). We used the coalescent
model because it is sensitive at detecting molecular changes in
DNA when population expansion is occurring since it can be
confounded with genetic hitchhiking giving similar genetic
footprints (Ramos-Onsins and Rozas 2002; Librado and
Rozas 2009). Mismatch distribution of expected vs. observed
differences in segregating sites were checked for a population
expansion model (population growth), and the raggedness sta-
tistic rg (Harpending 1994) was calculated and tested for sig-
nificance. As evidences of population expansion, we expected
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a mismatch distribution plot as unimodal and negative
(significant) values of D and Fs parameters. As indication of
selection, we expected a multimodal distribution (stable pop-
ulation size) and positive D and R? (neutrality test). We also
estimated the number of synonymous substitutions per synon-
ymous site (Ks) and divergence at non-synonymous substitu-
tions sites (Ka) for any pair of sequences between species (for
N. nervosa and N. obliqua), in coding regions, reporting an
average value across genes.

Finally, single-nucleotide polymorphisms (SNPs) in all the
sequenced gene regions were identified for each species and
population. Linkage disequilibrium (LD) was evaluated in
Genepop (Rousset 2008), and non-linked SNPs were used to
test deviations from neutrality based on Fgr fixation index, as
a multi-locus scan. Tests were based on the island model,
assuming a common migration pool (Beaumont and Nichols
1996; Foll and Gaggiotti 2008), using Bayescan (Foll and
Gaggiotti 2008) and LOSITAN (Antao et al. 2008).
Bayescan is reliable for the detection of outliers from the dis-
tribution of locus-specific Fst, with a low percentage of type I
error (Narum and Hess 2011), and is suitable for small sample
sizes. Departure from neutrality is assumed when the locus
specific component of the inferred Fgr (alpha value) is signif-
icantly different from zero. Positive values of « suggest diver-
sifying selection, whereas negative values suggest balancing
or purifying selection. After running the MCMC algorithm
with the default parameters, the posterior probability of each
marker was calculated to infer the probability of selection over
the neutral model. For the detection of outliers, we set a
threshold to control for the false discovery rate (FDR), of
5%. In turn, LOSITAN evaluates the relationship between
Fstand Hg, describing their expected distributions under an
island model of migration with neutral markers. The distribu-
tion is then used to identify outlier candidates (higher or lower
Fst values compared to neutral expectations) for selection
(Antao et al. 2008). LOSITAN was also used to test for depar-
tures from mutation-drift equilibrium at multi-locus genotypes
at microsatellites in all species. In N. pumilio populations, this
was of particular interest because contrasting genetic trends of
ESTs with respect to gSSRs might indicate the action of dif-
ferent evolutionary forces shaping variation in this species.

3 Results

3.1 Genetic diversity and differentiation
at microsatellites

Genomic markers (gSSRs) were more polymorphic than tran-
scriptome microsatellites (EST-SSRs) in all three species, hav-
ing more alleles and higher levels of allelic richness (Table 1).
Differentiation coefficients, both across populations Fg and
G’st (Table 1), and pairwise coefficients (Fs) (Table S4)

were higher for gSSRs than for EST-SSRs in all species.
However, the hierarchical AMOVA showed that the propor-
tion of genetic variance partitioned between the species (V.
nervosa, N. obliqua) was 34% for gSSRs (Frr=0.34, p=
0.001) and 46% for EST-SSRs (Frr=0.46, p=0.001,
Table S4). On the other hand, in each species, the greater
percentage of variance was explained by variation within pop-
ulations (91-98%), and to a lesser extent by variation among
populations (Fst ~2-9%) (Table S4).

N. nervosa and N. obligua showed different genetic diver-
sity trends at both genomic and transcriptome markers in
Lécar Lake (Table 1, Fig. 1). N. nervosa showed higher vari-
ation to the west at both set of markers (at EST-SSRs H, for
NS5 significantly higher than Hg for N1-N4 populations, and
increasing values from east to west in gSSRs, although non-
significant). In the case of N. obliqua, the tendency was less
clear, but the eastern populations were more variable showing
a decreasing diversity from O1 to OS5 that raised up again in
06 for both marker sets (Table 1, Fig. 1). In N. pumilio, op-
posing trends were found for the markers: higher genetic di-
versity for gSSRs at western populations (P2-P6) and to the
east for EST-SSRs (P1) (Fig. 1).

Population genetic diversity significantly correlated with
mean annual precipitation in N. nervosa for EST-SSRs
markers and a linear regression between variables was adjust-
ed (R*=0.51, p=0.044) (Fig. 2a). Moreover, allele frequen-
cies and precipitation were found to be significantly related for
alleles of NgBiol11 (gSSR), and for 19SN, 13SN and 8SN
(EST-SSR loci) in N. nervosa (p <0.05), and for Npum13
(gSSR; p <0.05) in N. pumilio (Fig. 2b) but this was not found
in N. obliqua. By doing a locus specific analysis of molecular
variance on each species, we detected some SSR loci with
particularly high values of differentiation (> 10%) among pop-
ulations (Notho214 in N. nervosa; NnBio37, Npuml4,
Notho214, 23SN in N. obligua; Npum13 in N. pumilio). The
Mantel test was not significant for any of the three species or
markers and the isolation-by-distance pattern was not
supported.

3.2 Population structure

In all three species, discriminant analysis (DAPC) and
STRUCTURE bring about a similar grouping for both gSSRs
and EST-SSRs, when pre-defined populations were set (Fig. 3).
Divergent populations (i.e. singular cluster) within each species
were recognized. In addition, clustering methods revealed the
admixed nature of several populations with variable percentage
of membership assigned to different clusters. It should be stressed
that both methods provide the same clustering. Optimum K and
two consecutive clustering plots from STRUCTURE were rep-
resented for each species and marker: in all species, gSSRs
showed optimum clustering at K =3, whereas in EST-SSRs
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<« Fig. 2 Geographic genetic variation expressed by the correlations
between genetic diversity (Hg) or allele frequencies and mean annual
precipitation (MAP) along precipitation gradients. Graphs were designed
by species and loci, and only significant correlated relationships (p <
0.05) are shown. a) Correlation between average values of population
genetic diversity (Hg; EST-SSRs) and population’s mean annual precip-
itation (MAP) values in N. nervosa; b) Correlation between allele fre-
quencies by population (gSSR or EST-SSRs) vs. population’s mean an-
nual precipitation values in N. nervosa and N. pumilio

K=3in N. nervosa and N. pumilio and K = 2 in N. obliqua were
the optimum grouping (Fig. 3, Fig. S1).

3.3 Nucleotide diversity and neutrality tests based
on coalescent simulations

We found 50 and 43 SNPs within N. nervosa and N. obliqua
populations, respectively, in 12 polymorphic candidate genes
involved in water stress resistance (average length 551-
559 bp, Table S3), while between species we found 146
SNPs. In N. pumilio, we detected 42 SNPs in seven polymor-
phic genes (average length 534 bp, Table S3).

At species level, nucleotide diversity was higher in N.
obliqgua than in N. nervosa, with a total average value of
it =0.00226 vs. 0.00155 and Hd =0.4838 vs. 0.402
(Table 2). A higher diversity value was found for the eastern
N. nervosa and for the western N. obligua populations, respec-
tively (Table 2). Divergence at synonymous sites (Ks) was
greater in the majority of genes than divergence at non-
synonymous sites (Ka) (mean values Ks=10.02139, Ka=
0.0072) with some exceptions (Ks < Ka in AdHy, Lea2 and
PP2C-3). In N. pumilio, nucleotide diversity showed an aver-
age value of 7it=0.0028 and Hd=0.619. A higher diversity
value was found in the western population of the species
(Table 2). Nei’s (7r,) and Watterson’s (6,,,) nucleotide diversity
values per gene and population are presented in Table S5.

From the 13 candidate genes analysed (6 of which were
common to all species, Table S3, S5), in 6 populations of 3
species we reported in detail the cases in which significant
tests allow us to inferred signals of demography and/or selec-
tion. We detected several genes showing the signal of demo-
graphic changes (unimodal mismatch distribution, not
significant raggedness statistic, negative D and Fs values;
Table 3 Fig. S2). We observed this pattern displayed by three
genes (B-amylase protein (BAM1), ethylene signalling protein
(Ethyl) and late embryogenesis abundant protein (Lea2)) in
the N. nervosa western population (N7) and four genes
(BAMI1, Lea2 and two protein phosphatase (PP2C1 and
PP2C3)) in N. obliqua eastern population (O2), which could
be interpreted as an evidence of population expansion. In turn,
one gene (chromatin-remodelling (ATCHR12)) exhibited the
same trend in O6 (N. obliqua) population. Meanwhile, in N.

pumilio eastern population, we found a similar situation in two
genes (Ethyl and protein kinase (SOS2)). In sum, the effect of
natural selection was not discernible although the genes pre-
sented significant values of R? at neutrality tests (Table 3).

On the other hand, we found evidence of balancing selec-
tion in two populations of N. obligua (02 and O6) for chlo-
roplastic drought-induced stress protein (Cdsp32) gene. Only
in this case, neutrality test by means of D showed positive and
significant results (Table 3) and the multimodal mismatch dis-
tribution of pairwise differences at sequence level in both
populations supported the finding (Fig. S2).

3.4 Neutrality tests based on Fsy fixation index

From the multiscan approach, the average Fgy value across
SNPs obtained with Bayescan was 0.083 for N. nervosa (vary-
ing from 0.080 (PP2C1) to 0.087 (Lea2)), 0.052 in N. obliqua
(varying from 0.051 (SOS2) to 0.059 (PP2C3)) and 0.153 in
N. pumilio (varying from 0.148 (heat shock protein (Hsp90) to
0.167 (PP2C1)).

LOSITAN detected several SNPs outside the expected neu-
tral envelope. Some had higher Fgr values (candidates for
positive selection) and others had lower Fgt values than ex-
pected (candidates for balancing selection) in each species
(Fig. 4). Bayescan did not identify outliers in any of the spe-
cies (p <0.05, FDR test) (Fig. S3).

In addition, departure from neutral expectation was found
in some EST-SSRs and gSSRs with LOSITAN. In N. pumilio,
the significant values of the differentiation coefficient in
IN1207a and Npum9 were interpreted as signs of balancing
selection, whereas IN0192a, Npum10 and Npuml8 with
values significantly above zero were considered as targets of
positive selection (Fig. S4). In N. nervosa and N. obliqua, two
¢SSR markers that departed from neutrality were common to
both species (Notho214, NnBio37). Additionally, departures
were found in other markers either gSSRs (NnBIOI11 N.
nervosa; Npuml4 N. obliqua) or EST-SSRs (23SN M.
nervosa;, 19SN N. obliqua). Not only the action of selection
but also the presence of null alleles (checked in Azpilicueta
etal. 2013, Soliani et al. 2015) could be determining this result
(Fig. S4).

4 Discussion

4.1 Population demographic history
across the precipitation gradient

Current genetic variation of the three Nothofagus species stud-
ied here still shows the footprints from Pleistocene glaciations
(Marchelli et al. 1998; Marchelli and Gallo 2006; Azpilicueta
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Fig. 3 Genetic structure in the evaluated populations represented as individual
membership coefficients for genetic demes with Bayesian clustering
(STRUCTURE), and discriminant analysis of principal components
(DAPC), for genomic SSRs (A-1, B-1, C-1) and EST-SSRs (A-2, B-2, C-2).

etal. 2009; Soliani et al. 2015), reinforcing the hypothesis that
these events were a crucial driving factor of genetic diversity.
Our results agree with trends of locally common alleles (LCA)
and with the distribution of cpDNA haplotypes variation
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The optimum and two consecutive Ks are shown for STRUCTURE clustering
in each species and markers. For better visualization, populations are ordered
from west to east in the Bayesian clustering output. A: N. nervosa; B: N.
obliqua; C: N. pumilio. Population labels coincide with Table 1

(Marchelli et al. 1998; Marchelli and Gallo 2006;
Azpilicueta et al. 2009), where higher diversity was detected
to the west for N. nervosa and to the east for N. obliqua. All
these results combined provide evidences of cryptic refugia
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locations: westward for N. nervosa (higher diversity in gSSRs
and EST-SSRs) and N. pumilio (higher diversity in gSSRs),
and eastward for N. obligua (higher diversity in gSSRs and
EST-SSRs).

During the last glaciations, there were periods of isolation
in which the contraction and expansion of the populations
might have occurred, and this might have shaped the genetic
stocks of the species as has been suggested for several other
plant and animal species from Patagonia (Sérsic et al. 2011;
Turchetto-Zolet et al. 2013). Both demographic expansion
within refugia and expansion from refugia towards colonized
sites (i.e. range expansions) might have occurred. Still the
presence of Pleistocene alpine valley glaciers that created
present-day watersheds (Markgraf et al. 1996; Glasser et al.
2008), greatly determined the chance of demographic growth.
When ice lobes retracted, migration pathways opened and re-
colonization patterns from multiple refugia were settled (e.g.
Marchelli et al. 1998) and therefore many populations within
each species have a common origin and share genetic clusters
(Fig. 3). The admixed populations that we found in this study
gives support to the confluence of migration routes along the
watersheds. We suggest that the range expansion from
hotspots of diversity and the admixture due to meeting points
after colonization (from projected species distribution during
the last glacial maximum (LGM), Marchelli et al. 2017) are
the reasons that gave rise to the observed genetic gradient.
Based-evidence of the latter is the N. pumilio population P3,
which is located at the centre of an admixed zone (Soliani
et al. 2015), has the highest allelic richness value and two
genetic clusters. In addition, the easternmost population
(P1), which is a marginal population with patches of individ-
uals distributed across a steppe-like environment, presented a
higher proportion of a particular cluster at successive Ks for
gSSRs in relation to the other populations (Fig. 3). This pop-
ulation also showed low genetic diversity values. Its isolation
during past glaciations is evidenced by a different genetic
composition and greater differentiation due to evolutionary
forces (e.g. genetic drift, selection pressure or the effects of a
genetic bottleneck).

On the other hand, the unveiled correlation between genetic
variation and precipitation might provide clues about process-
es driving more recent population evolution. Specifically, the
significant relationship between MAP and allele frequencies
(both coming from gSSRs and EST-SSRs, Fig. 2b) and Nei’s
unbiased heterozygosis (from EST-SSRs, Fig. 2a), nourish the
existence of clinal variation in N. nervosa and N. pumilio. In
addition, opposite tendencies in allele frequencies along cli-
mate gradients are harboured at loci with particularly high
differentiation coefficients. These patterns were interpreted
in two alternate ways. First, if alleles at neutral loci tend to-
wards fixation at the extreme edges, it could be evidence of
colonization (e.g. due to founder effect). If two different ge-
netic lineages came into secondary contact (e.g. Durand et al.

2009), a similar trend in allele frequencies might also be
established after admixture. Postglacial migration may have
promoted clinal variation, determining spatial patterns along
the current gradients, further confounding putative selection
effects (Kujala et al. 2017). Alternatively, clines may be
interpreted as being consistent with adaptation, which is par-
ticularly hard to unravel in the case of alleles coming from
transcriptome SSRs (ESTs) (Table S2). In these markers, there
is a risk of interpreting the random effects of population dy-
namics with the selection of adapted variants (Tiffin and Ross-
Ibarra 2014; Roschanski et al. 2016) due to the hitchhiking
effect (Stinchcombe and Hoekstra 2007). Signs of demo-
graphic changes might confound the action of selection on
the inspected candidate genes; therefore, an unequivocal in-
terpretation of adaptation at local level should be dismissed. In
order to decouple demography from the role of selection in
generating adaptive variants along gradients, we will further
discuss candidate genes’ variation trends.

4.2 Trends of genetic diversity at candidate genome
regions along the rainfall gradient

Our work show evidences supporting that selection pressure
caused by varying precipitation regimes could be one of the
driving factors promoting different trends at candidate genes.
We detected significant signals of balancing selection in
Cdsp32 gene in two N. obliqua populations. Although this
signal was not significant in N. nervosa and N. pumilio, this
gene did present higher nucleotide diversity in all species in
the eastern populations of their respective ranges, i.e. more
xeric locations (Table S5). Even acknowledging the need of
more populations finally confirm this pattern, the higher intra-
population genetic diversity detected might favour popula-
tions’ evolution by natural selection. Thus, we presume that
the selective pressures imposed in these gradually changing
environments may involve a relevant contribution shaping the
previously established patterns of genetic diversity (e.g.
Azpilicueta et al. 2009; Marchelli et al. 2017; Soliani et al.
2015), in agreement with our hypothesis. In such highly se-
lective environments, which have conditions comparable to
those predicted under global climate change scenarios
(Rusticucci and Barrucand 2004; Castafieda and Gonzalez
2008), adaptation might be improved either by the fixation
of local variants or the immigration of more suitably adapted
alleles (i.e. regional gene flow).

However, we were not able to distinguish signals of selec-
tion in other genes. Although neutrality tests (R?) in both
BAMI, Lea2 in N. nervosa and N. obliqua, or Ethyl in all
species were significant, the variation could not be unequivo-
cally attributed to current selection pressures (unimodal distri-
bution, non-significant raggedness statistic, Fig. S2). The re-
sult suggests a non-equilibrium condition that could be attrib-
uted to demographic population expansion after establishment
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<« Fig. 4 Analysis of Fgr outliers using LOSITAN a in N. nervosa, b N.
obliqua, and ¢ N. pumilio. Estimates of Fgr for each candidate were
plotted against heterozygosity. FDR was set at 0.05. Higher than
expected Fgt values (candidates for positive selection): Lea2;,
PPZCIH, pP2C323, PP2C327, PP2C328 and RCD]3, RCD]4, RCD]Q
for N. nervosa; PP2C3; ATCHR12g and ATCHRI12,, for N. obliqua;
SOS2;, Lea2,, PP2C1, in N. pumilio. Lower than expected Fgr values
(candidates for balancing selection): Cdsp32,, Ethyls, Ethyls, Lea2s,
Lea2s, PP2C1;, PP2Cl5, PP2C35, PP2C3,5, AdHy,, BAMI, and
RCD]]I for N. nervosa, SOSZs, SOSZIO, Ethylg, L6328, Lea211,
PP2C319, pP2C322, PP2C325, PP2C326, PP2C328, AdHy3, AdHyS and
Phll, for N. obliqua; Cdsp32;, SOS2s, SOS2¢, Ethyl;, Lea2s, PP2C1,,
PP2Cly, Hsp903, Hsp90, in N. pumilio

(i.e. post-glaciations). The legacy of ancient marks in genetic
variation is probably inherited from an ancestral refugial pop-
ulation, which also supports our hypothesis.

The functional aspects of stress resistance genes (Cdsp32,
PhIl and BAM1) are worth mentioning because of their role
involved in water use in chloroplast metabolism. By assuming
that functional mechanisms are conservative in the plant king-
dom, we can use homologue fragments of our candidate genes
from Arabidopsis and from phylogenetically related tree spe-
cies (e.g. Quercus or Fagus) as a reference to Nothofagus. The
chloroplastic drought-induced stress protein (Cdsp32) is
known to be regulated by environmental and oxidative stress
conditions (Broin et al. 2002). Encoded in the nucleus and
located in the stroma, its production is abundant when plants
are under stress (Broin et al. 2002; Wang et al. 2014). In
Arabidopsis, the Chlorophyll a/b binding protein-
photosystem II light harvesting complex (PhlI) plays a posi-
tive role in abscisic acid signalling, in part by modulating
reactive oxygen species (ROS) homeostasis (Xu et al. 2012).
BAMI1 degrades transitory starch to sustain proline biosynthe-
sis during drought stress (Zanella et al. 2016), suggesting that
BAMI plays a role in water use efficiency.

Even if not conclusive about an adaptive response, some
EST-SSRs showed a departure from the neutral envelope. In
N. pumilio, functional annotation of the IN0O1207a and

Table 2
synonymous and silent mutations

IN00192a transcriptomic SSRs matches coding regions of
heat shock proteins (N. nervosa transcriptome, Torales et al.
2012) and ‘response to stimulus’ Gene Onthology term. Since
the natural range of the cold-tolerant species N. pumilio is
restricted to high latitudinal and elevation ranges, our result
suggests potential sensitivity of the species to rising tempera-
tures and desiccation. For example, the marginal population
P1, which is located in an environment with higher mean
temperatures and less precipitation, presented higher diversity
at the INO1207a locus. In N. nervosa and N. obliqua, 23SN
and 19SN markers were found near genes in response to os-
motic stress and metal ion/DNA repair, respectively. lonic
toxicity within cells due to salt accumulation could be indirect
evidence of drought. In the long term, salinity could produce
oxidative stress in plants with the generation of reactive oxy-
gen species (ROS) (e.g. You and Chan 2015). Further inspec-
tion of all these gene regions could construct a more complete
picture of adaptive variation in the species of interest.

Species trends in genetic variation support distinctive
evolutionary histories as well as an own adaptive poten-
tial, which is signalled by the different ecological prefer-
ences. The higher genetic diversity in candidate genes
observed in N. obliqua might be related to its ability to
occupy a wider geographical range along precipitation
gradients in Patagonia (longitudinal range of N. nervosa
and N. obliqua are 71.40° W-71.19° W and 71.40° W—
70.57° W, respectively). Over time, different adaptive var-
iants might lead to fixation within each species following
their physiological optima (i.e. water use efficiency,
Varela et al. 2012), and potentially may even increase
genetic divergence. Differential responses along their en-
vironmental distribution ranges may explain a genetic
control that shapes species’ expressed traits (e.g. Bourne
et al. 2017). A greater number of genes and populations
within species would allow us to delve deeper into intra-
specific divergence, to better elucidate how adaptation
occurs.

Average values of nucleotide and haplotype diversity by population and species. Diversity indexes are reported for synonymous, non-

Total Diversity Non-syn mutations Syn mutations  Syn-non coding mutations
Pop N S H Hd I, Owr I, O 7 Ow: U Or
Nothofagus nervosa N7W 21.3 3.0 33 0.359(0.219) 0.0013 0.0017 0.0004 0.0004 0.0028 0.0026 0.0031 0.0035
N2E 150 32 33 046902190 0.0018 0.0019 0.0012  0.0014  0.0028 0.0022 0.0024 0.0023
Nothofagus obligua  O6 W 212 29 3.4 0.501(0.227) 0.0022 0.0018 0.0004 0.0005 0.0083 0.0060 0.0016 0.0017
O2E 207 33 3.8 0.468(0.235) 0.0024 0.0020 0.0003  0.0006 0.0108 0.0073 0.0028 0.0029
Nothofagus pumilio P5W 13.7 43 43 0.677 (0.082) 0.0031 0.0057 0.0015 0.0013  0.0081 0.0101 0.0026 0.0115
P1E 157 41 43 0.593(0.100) 0.0026 0.0025 0.0018 0.0018  0.0068 0.0070 0.0013 0.0018

N average number of haploid sequences per population, S average number of segregating sites, / average number of haplotypes, Hd (SD) average
haplotypic diversity and standard deviation, 7tt average Nei’s nucleotide diversity, fwt average Watterson’s nucleotide diversity, £ east, W west
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Table 3  Neutrality tests at population level on N. nervosa (N), N.
obliqua (O) and N. pumilio (P) species, significance obtained under coa-
lescent simulations (p value reported)
G Pop N D Fs R? G Pop N D Fs R G Pop N D Fs R?
BAM1 N7W 22 - 0.641 —-0.176 0.086f PP2C-1 N7W 24 1298 0313 0.196 PP2C-3 N7W 22 —-1.223 -0.554 0.093
N2E 12 —0.047 -0.137 0.184 N2E 16 0.295 —1227 0.164 N2E 16 —0.107 1.051 0.142
O6W 24 0.139 0.578 0.145 O6W 24 —0.802 —1.195 0.091 O6W 18 —0.184 —1.034 0.134
O2E 22 —0.641 —0.176 0.087% O2E 22 —1212 —1.781 0.090* O2E 20 0.159 —3.175% 0.140
RCD1 N7W 22 0.648 2.107 0.169 P5W 12 0.872 1.171 0.081 SOS2 N7W 22 0482 0.704 0.161
N2E 12 —1.114 —-0.476 0276 PIE 18 -0.529 —0.011 0.115 N2E 22 0316 1.826 0.167
O6W 22 —0.871 —0.870 0.121 Ethyl N7W 24 —0.889 —0.919 0.078% O6W 24 0.614 —0.182 0.162
O2E 22 —1.162 -0.976 0.208 N2E 22 —1.162 —0957 0.208 O2E 24 0.922 0.408 0.183
P5W 12 —-0.178 0.027 0.153 O6W 24 —0.681 —0.249 0.079% P5W 16 0.401 —1475 0.153
PIE 16 0894 0.083 0.183 O2E 20 —0.528 —0464 0.138 PIE 18 —0.213 —2.181 0.129*
Phll  N7W 22 -1239 -1.827 0.104 P5W 14 -0.532 —0465 0.157 ATCHRI2 N7W 20 — - -
N2E 16 0.555 0340 0.183 P1E 18 —-1.131 —1.596* 0.116 N2E 8 0.334 0.536 0.214
O6W 24 0411 0.023 0.156 Lea2 N7W 20 —1.543 —2.120 0.086* O6W 18 —0.529 —0.011 0.105%
O2E 20 —0.174 1.587 0.134 N2E 12 -0.665 —0311 0.1191 O2E 20 —0.086 0.381 0.134
AdHy N7W 18 —1.164 —0.794 0.229 O6W 16 —0.403 —1.302 0.1305
N2E 10 0.015 0417 0.178 O2E 20 —1.030 —3.29f 0.099
O6wW 18 0.819 1365 0.178 PSW 10 —0.178 0.090 0.153  Hsp90 P5W 16 1.283 —0.1 0.206
O2E 18 —0.077 0.700 0.139 PIE 12 0.894 0.968 0.188 PIE 10 0.699 0.949 0.211
cdsp32 N7W 20 —0.592 —0.097 0.095 Cum  N7W 20 1.596 1.098 0.237
N2E 16 —0.448 0.083 0.117 N2E 18 —0.268 —1.11  0.132
O6W 22 2.281* 645 0.242 O6W 20 0435 0.35 0.167
O2E 22 2.506* 2743 0.253 O2E 18 0488 0.796 0.183
P5W 16 1.05 0.647 0.213
PIE 18 1208 —044 0217

G candidate gene, N total number of individuals per population, D Tajima’s neutrality test statistic, Fss Fu’s neutrality test statistic, R®* Ramos and Rozas’
neutrality test statistic, £ east, W west, BAM1 chloroplast induced Beta Amylasel, RCD/ radical induced cell death, PAlI chlorophyll a/b binding protein,
photosystem 1II light harvesting complex, AdHy adenosylhomocysteinase 2, Cdsp32 chloroplastic drought-induced stress protein, PP2C-1 protein
phosphatase, Ethyl ethylene signalling protein, Lea2 late embryogenesis abundant protein, Cum 4-coumarate-CoA ligase activity, PP2C-3 protein
phosphatase, SOS2 protein kinase, ATCHRI2 response to environmental stress chromatin-remodelling gene

*p<0.05; tp<0.01; {p <0.001

Strategies for adapting to environmental changes include local
adaptation, plasticity, or distributional shifts along climate gradi-
ents (e.g. Aitken et al. 2008). Moreover, colonizing new and
more suitable habitats might reduce extinction risk. Particularly
in Nothofagus species, which have limited seed (e.g. Rusch
1987) and pollen dispersal (e.g. Marchelli et al. 2012) and low
seedling recruitment and sapling survival (e.g. Cuevas 2002),
populations’ resilience and recovery might be compromised.
Although these factors may reduce the likelihood of succeed,
local adaptation is still possible. Considering species’ ecological
characteristics, future suitability predictions suggest a better out-
look for N. obliqua than for N. nervosa, reflecting different tol-
erance levels to the severe climatic conditions expected
(Marchelli et al. 2017). Additionally, ecological niche modelling
of N. pumilio predicts the retraction of forests in the westernmost
portions of its current distribution range (Soliani et al. in prep.)
threatening border populations.
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5 Conclusions

Species’ genetic trends at neutral markers and signs of population
expansion in functional regions (unimodal mismatch distribu-
tion, negative D and F’s coefficients), probably associated to re-
colonization, highlights the fact that footprints from the recent
past are still deeply imprinted in Nothofagus gene pools. The
correlation of genetic diversity with precipitation, and signs of
balancing selection in outlier candidates, constituted preliminary
evidence of gene regions functionally related to key responses of
trees inhabiting environmental gradients. Candidate genes eval-
uated here could be part of the multiple loci that mediate adap-
tation to drought stress and modulate plant fitness in these spe-
cies. We have taken a first step towards understanding how se-
lection acts on the precipitation distribution range of South
American Nothofagus. This knowledge could provide a base
for inferring future species behaviour in the context of adaptation
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to changing environmental conditions. In addition, this informa-
tion is essential to delineate current conservation, mitigation or
management plans.
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