Received: 15 June 2022 | Revised: 17 November 2022

Accepted: 25 November 2022

DOI: 10.1111/jbi. 14554

RESEARCH ARTICLE

Journal of

Biogeography

WILEY

Ancient vicariance is reinforced by adaptive divergence in the
southern beech: Contributions from geogenomics

Mariana Fasanella’
Rodrigo Hasbin?

Instituto de Investigaciones en
Biodiversidad y Medioambiente
(INIBIOMA-CONICET-COMAHUE),
Bariloche, Rio Negro, Argentina

2Centro Regional Universitario Bariloche,
Universidad Nacional del Comahue, San
Carlos de Bariloche, Argentina

SInstituto de Investigaciones en Recursos
Naturales, Agroecologia y Desarrollo Rural
(IRNAD-CONICET-UNRN). El Bolsén, Rio
Negro, Argentina

“Laboratorio de Epigenética Vegetal,
Departamento de Silvicultura, Facultad
de Ciencias Forestales, Universidad de
Concepcidén, Concepcion, Chile

Correspondence

Andrea C. Premoli, Instituto de
Investigaciones en Biodiversidad y
Medioambiente (INIBIOMA-CONICET-
COMAHUE), Bariloche, Rio Negro,
Argentina.

Email: andrea.premoli@gmail.com

Funding information

Consejo Nacional de Investigaciones
Cientificas y Técnicas Argentina,
Grant/Award Number: PIP
2021-11220200102500C0O; Universidad
Nacional del Comahue Argentina, Grant/
Award Number: 04/B235; Agencia
Nacional de Promocién Cientificay
Tecnoldgica Argentina, Grant/Award
Number: PICT 2017-0577 and PICT 2019-
149; Rufford Foundation, Grant/Award
Number: 29211-1; Fondo de Investigacion
Bosque Nativo CONAF Chile, Grant/
Award Number: 068/2012

Handling Editor: Thais Vasconcelos

| Paula Mathiasen®?
| Andrea C. Premoli®?

| Gabriela Juri® | Dayana G. Diaz! |

Abstract

Aim: Geogenomics seeks to understand geological processes linked to lineage diver-
gence. However, the mechanisms that conserve ancient signals in spite of gene flow
are still unclear. In the southern beech, the deep lineage divergence produced by vi-
cariant events is associated with ancient marine transgressions. We hereby evaluate
the hypothesis that this divergence is maintained by diversifying selection.

Location: Southern Argentina and Chile.

Taxon: Nothofagus dombeyi.

Methods: The lineage divergence by means of analysis of molecular variance (AMOVA),
principal coordinate analysis, assignment tests and multiple matrix regression analy-
ses were assessed using chloroplast DNA and neutral and outlier single nucleotide
polymorphisms (SNPs). Several environmental variables were used to characterize
potential within-species niche structuring and genotype-environment associations.
Results: Two deep-rooted latitudinally structured lineages resulted from cpDNA, the
northern cluster being more genetically diverse than the southern one. Of the total
of 2943 SNPs, 33 identified as outliers and produced two genetic clusters. Neutral
SNPs yielded no structure by AMOVA, whereas higher (>75%) F¢r values were ob-
tained for cpDNA and outlier SNPs. Precipitation variables were mostly associated
with population clusters and suggested two climatic niches, consisting of cold and dry
in the south and more variable precipitation, temperature and soil conditions in the
north. Associations of genetic distance with environment and geography suggested
isolation-by-distance and isolation-by-ecology or isolation-by-environment effects.
Main conclusions: Ancient lineage divergence in N. dombeyi, originally driven by vi-
cariance, has been maintained by diversifying selection under distinct environmental
conditions that also define distinct within-species niches. Deeply rooted phylogeo-
graphical breaks can be conserved in continuously distributed species in the absence
of current geographical barriers. Yet, physical gradients exert differential selective
pressures, which are maintained in the face of potential gene flow. As a result, selec-
tion can lead to geographically localized and differentially adapted groups of popu-
lations that can be detected by a combination of traditional phylogeographical and

novel genomic methods.
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1 | INTRODUCTION

Phylogeographical analyses using the DNA sequences of conserved
regions of mitochondria and chloroplasts are used to reconstruct the
biogeographical history of taxa. In some of these reconstructions,
marked phylogeographical structures indicate potential restrictions
to gene flow. Among-lineage differentiation could be driven by tec-
tonic and/or climatic influences that may even occur without no-
ticeable variation in other traits such as morphology (Irwin, 2002),
resulting in cryptic divergence (Chenuil et al., 2019; Dufresnes
et al., 2020; Shneyer & Kotseruba, 2015; Struck et al., 2018). A
great diversity of organisms, including those with cosmopolitan dis-
tributions, yield highly divergent genetic lineages. In particular, the
geographical discontinuity of intraspecific phylogenies with unipa-
rentally inherited genomes may show genetic ‘breaks’ sensu Avise
et al. (1987) consisting of arrays of related haplotypes that differ
from other such groupings by many mutational steps. Intraspecific
monophyletic groups distinguished by large genealogical gaps usu-
ally arise from long-term extrinsic barriers to gene flow (Avise, 1994;
Avise et al., 1987). Similarly, concordant phylogeographical breaks
in phylogenetically independent lineages are interpreted as the
result of historical biogeographical forces, such as vicariance, that
have modelled the genetic architecture of particular regional bio-
tas (Avise, 2009). These divergent phylogroups may even coexist
in sympatry as a result of more recent secondary contact between
lineages. Thus, geographical breaks typically used to define bio-
geographical provinces and regions result in associations of taxa
that were shaped by both ecological and evolutionary processes.
Similarly, vicariant forces may be cryptic and can be detected by the
within-species lineage divergence of widespread taxa. Nonetheless,
the question still remains as to how these phylogeographical breaks
persist over time in spite of potential among-population gene flow.
Although differentiation at neutral marker level may be driven pri-
marily by stochastic processes, divergent selection can be strong
enough to promote reproductive isolation between populations.
Thus, genome-wide differentiation of populations may occur in spite
of gene flow (Kirk & Freeland, 2011).

Deep phylogeographical breaks may not coincide with such
sudden changes in other traits and can be produced within a con-
tinuously distributed species by low individual dispersal distance or
small population size (Irwin, 2002). As Neigel and Avise (1993) and
Avise (2000) pointed out, phylogeographical discontinuity might
arise without a geographical barrier to gene flow. In particular, sim-
ulations of uniparentally inherited gene genealogies showed that
coalescence time may increase as a result of selection for local adap-
tation (Irwin, 2012). However, such spatially structured genealogies
are not necessarily as predictive of overall patterns of variation in
other traits as biparentally inherited genealogies linked to autosomal

DNA. Gradual quantitative trait variation is usually found along gra-
dients, as well as in molecular markers such as microsatellites which
indicate vast nuclear gene flow (Ribeiro et al., 2011). Nonetheless,
gene flow and natural selection along environmental gradients may
have opposing effects. While the former may enrich local fitness
if new allelic variants are introduced and become available for se-
lection, adaptation may also be arrested if the gene flow rates are
so high that the new variants overwhelm locally beneficial genes
(Sexton et al., 2014).

Species distribution models (SDMs) use climatic variables to
assess the potential ranges of species under several assumptions
that should be re-evaluated, such as the belief that species are in
equilibrium with their climatic niche, that climate is static over time
and is the main distribution driver of each species, and that individ-
ual populations respond similarly to variations in climate (Chardon
et al., 2020). Thus, intraspecific niche variation and phylogeograph-
ical structure have generally been overlooked when modelling spe-
cies' distributions (Pfenninger et al., 2007), despite the large number
of species that inhabit a great variety of climates. Furthermore,
populations inhabiting variable geographical conditions can develop
genetically based environmental tolerances, resulting in locally
adapted populations (Savolainen et al., 2007). Regional environmen-
tal dependencies should therefore be modelled in order to capture
this geographical variation (Pearman et al.,, 2010). Uniparentally
inherited phylogroups may not only be the result of geographical
barriers due to vicariance, but may also be linked to differences in
climate and/or contrasting environmental settings; that is, exposed
to differential selection regimes, within the range of a species.

The physical heterogeneity of a landscape creates variable set-
tings for adaptation that may result in genetic clines and/or ecotypic
variation, depending on how steeply conditions vary along gradi-
ents. In addition, genetic patterns may also be the result of genetic
exchange, which results in isolation-by-distance (IBD) models such
that nearby populations tend to be more genetically alike than dis-
tant ones. Likewise, similar environments may result in higher gene
flow rates between certain populations (e.g. similar phenology) or in
local adaptation due to diversifying selection, which may adjust to
isolation-by-environment or isolation-by-ecology (IBE) models (Wang
et al., 2013). Thus, spatial heterogeneity in ecological processes sig-
nificantly contributes to adaptive genetic divergence by means of IBE,
in addition to the past and current neutral forces affecting IBD.

Southern South America has a complex geological history of
crystalline basements that characterize vast areas, such as the
Northern and Deseado Massifs towards the north and south of
Patagonia, respectively, and the Nahuelbuta Massif along the west-
ern Pacific coast (Ramos, 1982, 1989). Overall, these areas can be
considered stable terrains that fostered the early evolution of the
associated biota, despite significant modifications in sea level and
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the impact of marine transgressions, as well as the formation of in-
ternal basins that affected the mid-Tertiary landscape features of
Patagonia (Bechis et al., 2014; Bertels-Psotka & Cusminsky, 2014).
These geologic events resulted in paleoenvironments consisting of
fragmented landscapes that affected the ancient lineages evolving
at the southern tip of South America. As a result, significant within-
species divergence was measured in chloroplast DNA sequences
that were similar in sister Nothofagus species. Dated phylogenies
yielded deep genetic discontinuities (Acosta et al., 2014; Premoli
et al.,, 2012), which were synchronic with marine ingressions that
occurred in the Pacific during the Oligocene (Bechis et al., 2014).
Detailed phylogeographical analyses yielded shared plastid lineages
that reflected long-lasting isolation due to vicariance, but not phy-
logenetic relationships between taxa. Spatially concordant lineages
were also found in many other plant genera, including Eucalyptus
(McKinnon et al., 2001), Quercus (Okaura et al., 2007) and Populus
(Liu et al., 2017). Similarly, phylogeographical structures shared
among sympatric Nothofagus provided evidence of cycles of hybrid-
ization and introgression, constituting one of the most striking pieces
of evidence of widespread chloroplast capture events in plants
(Acosta & Premoli, 2010). In addition, the global cooling that took
place at the Eocene-Oligocene boundary (Zachos et al., 2008) im-
pacted the gene pool of trees such as Nothofagus pumilio (Mathiasen
& Premoli, 2010). Thus, the interplay of tectonic and climatic influ-
ences produced the spatially heterogeneous and temporally dynamic
landscapes in Patagonia that shaped the significant within-species
divergence of widely distributed taxa.

Nothofagus dombeyi (Mirb.) Blume, common name ‘coihue’, is an
evergreen species with a broad distribution; it characterizes the low-
to mid-elevation temperate forests of southern Argentina and Chile
that range from 35° to 43° S latitude. This species can grow 40 m in

height and often reaches the uppermost canopy layer; it is one of

the largest broadleaf trees of austral forests. It is often found in rela-
tively mesic environments, yet in different forest types and climates.
A great deal of genecological variation has been measured in N.
dombeyi along environmental gradients. Seed weight declines grad-
ually with increased latitude, that is, decreased temperature (Veblen
et al., 1996). In addition, common garden and water-stress manip-
ulative experiments yielded genetically based variations in several
leaf, whole plant and water-use traits of N. dombeyi from contrasting
precipitation regimes (Diaz et al., 2020).

The main goal of this study is to test the hypothesis that the
genetic structure of populations, originally produced by marine
transgressions (vicariance), is maintained by local adaptation and
diversifying selection. We analyse populations throughout the dis-
tribution range of a widespread species where no barriers to gene
flow apparently exist today. The strong environmental/climatic gra-
dients in the region provide an excellent study model, enabling us
to disentangle the impact of past and present evolutionary forces.
We expect to find a significant association between phylogroups
and outlier single nucleotide polymorphisms (SNPs), which, in turn,
should be geographically and environmentally concordant, whereas
the structure of neutral or non-outlier SNPs will be more similar to a
panmictic population.

2 | MATERIALS AND METHODS

2.1 | Sample collection, chloroplast DNA
sequencing and SNP genotyping

For cpDNA sequencing, we collected 203 leaf samples from
106 sampling locations across the entire distribution range of N.
dombeyi (Figure 1a): 44 from Argentina and 62 from Chile. For SNP
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genotyping, we used 113 individuals from a subset of 36 sampling
sites: 17 from Argentina and 19 from Chile (Figure 1; Table S1).

A set of 95 cpDNA sequences was obtained from previous
studies (Acosta et al., 2014; Premoli et al., 2012), and the remain-
ing 108 were newly generated for this study (Table S1). Total ge-
nomic DNA was extracted from fresh leaves following the ATMAB
method described in Dumolin et al. (1995) with the modifications
previously used for other Nothofagus species (see methods in
Mathiasen & Premoli, 2010). DNA was amplified by polymerase
chain reaction (PCR) using universal primer pairs for the cpDNA
intergenic spacers: trnH-psbA (HA), trnL-trnF (LF) and psbB-psbH
(BH) following the PCR amplification conditions previously used for
Nothofagus in Mathiasen and Premoli (2010), Premoli et al. (2012)
and Acosta et al. (2014). PCR products were sent to the se-
quencing facility in Macrogen Inc. (Seul, Corea). Novel cpDNA
sequences were deposited in GenBank® (accession numbers for
LF: OP473928-0OP473933, HB: OP473934-0OP473939 and HA:
0OP491426-0P491431). Sequencing data of the three cpDNA re-
gions were aligned with the ClustalW algorithm in MegaX (Kumar
et al., 2018) and then concatenated manually into a single com-
bined dataset for posterior analyses. Chloroplast DNA haplotypes
were determined from both nucleotide substitutions and indels.
Gaps were coded following the simple coding method of Simmons
and Ochoterena (2000).

To obtain SNPs, we extracted high-quality total genomic DNA
from 100mg of fresh leaves from 113 individuals, following a mod-
ified protocol from Doyle and Doyle (1990); library preparation and
high-throughput genotyping by sequencing were performed at the
University of Wisconsin Biotechnology Center (DNA Sequencing
Facility). DNA concentration and quality were evaluated using pi-
cogreen™ (ThermoFisher Scientific) on a Qubit® Fluorometer
(Invitrogen). We prepared the GBS genomic library following the
protocol detailed by Elshire et al. (2011) with the methylation-
sensitive restriction enzyme ApeKI, following Hasbun et al. (2016).

lllumina high-throughput sequencing was conducted on an
Illumina HiSeq 2000 (lllumina) using 100 bp single-end sequencing
runs. A total of 26.4 Gb raw sequence data from the 113 individ-
ual samples yielded 248,901,409 reads 100 bp long, with no se-
quences being flagged as poor quality. After trimming low-quality
reads (Q<30), we identified 356,177 non-redundant SNPs. We as-
signed SNP genotypes using the Uneak pipeline (Universal Network
Enabled Analysis Kit) contained within the program Tassel v5.0
(Trait Analysis by aSSociation, Evolution, and Linkage; Bradbury
et al., 2007). The Uneak pipeline works by first trimming reads to 64
base pairs and collapsing identical reads into tags. Once identified via
the Uneak pipeline, the raw SNP data were filtered to include only
loci sequenced in 95% or more of the targeted individuals, and the
individuals were filtered to include only those genotyped at >70%
of the SNP loci. The Uneak pipeline does not depend on a reference
genome, so is suitable for N. dombeyi. After removing SNPs that did
not pass the genotyping quality control criteria, following Hasbun
et al. (2016) we kept 2965 SNPs. We tested all these SNPs for pair-
wise linkage disequilibrium, and in SNP pairs with a coefficient of

EE e

determination r?> 1 one of the SNP pairs was removed, generating

a new genetic matrix without the correlated markers (2943 SNPs).

2.2 | Climatic niche characterization

To characterize the climatic niche of each genetic cluster, we ran
general linear models (GLMs) with 72 climatic variables using
Statistica v7 (StatSoft Inc., 2004) to detect which climatic variables
differed between the genetic clusters. The 72 variables were as fol-
lows: 30 climatic variables generated with the ClimateSA v1.0 soft-
ware package (available at http://tinyurl.com/ClimateSA), based on
the methodology described by Hamann et al. (2013), 19 bioclimatic
variables with 30-arcsec spatial resolution from WorldClim 2 (www.
worldclim.org; Fick & Hijmans, 2017), 16 environmental variables
from the ENVIREM database (Title & Bemmels, 2018) and seven soil
quality variables from the Harmonized World Soil Database v1.2
(http://www.fao.org/soils-portal/data-hub/soil-maps-and-datab
ases/harmonized-world-soil-database-v12/en/; Fischer et al., 2008)
(Table S2). All variables were standardized by subtracting each value
from the sample mean and dividing it by the standard deviation using
Statistica (StatSoft Inc., 2004). We tested for multicollinearity of en-
vironmental variables through a stepwise procedure which sequen-
tially excludes variables with a high variance inflation factor (VIF),
using the ‘vifstep’ function in the R package ‘usdm’ with a threshold
value of 10 (Naimi, 2015). After solving multicollinearity problems,
we carried out a principal component analysis (PCA) with the nine

remaining variables (Table S3) in Statistica.

2.3 | Chloroplast DNA sequence data analyses

2.3.1 | Genetic diversity and structuring

We assessed the levels of cpDNA variation by calculating the fol-
lowing molecular diversity parameters: variation in alignment size
(in base pairs, bp), number of haplotypes (H), percentage of poly-
morphic sites (P%), and nucleotide (r) and haplotype (h) diversities;
DnaSP v4.10.9 was used for these calculations (Rozas et al., 2003).
The relationships between haplotypes were reconstructed by
a Median-Joining network with the program Network v4.201
(Bandelt et al., 1999). Bayesian inference analysis was performed
using Beast v1.6.2 (Drummond & Rambaut, 2007). The input files
were generated using the program Beauti v1.6.2 (provided in the
Beast package) with the following settings: the substitution model
was GTR+1, following the results obtained under the Akaike infor-
mation criterion in jmodeltest v2.1.10 (Darriba et al., 2012); a strict
clock model and the Yule process were used as the tree prior; and
the Monte Carlo Markov chain (MCMC) was run for 5x 107 gen-
erations, sampling every 1000 cycles. A maximum clade credibility
(MCC) tree was generated after 25% burn-in of the obtained trees
and a 50% posterior probability limit with median node heights
using TreeAnnotator v1.6.1 (provided in the Beast package). We
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also estimated the divergence time between main genetic clusters
using Beast, with a combination of safe but late and early but risky
fossil age constraints as the calibration point scenario and the pa-
rameter settings described in Acosta et al. (2014). The obtained
tree was visualized in FigTree v1.4.4 (Rambaut, 2012), and the ker-
nel density plots for each node were obtained using the divergence
dates and credibility intervals by analysing the log files with Tracer
v1.7.1 (Rambaut et al., 2018). We examined the cpDNA genetic
structure of individuals using the Bayesian clustering approach
implemented in the program Baps v6 (Corander et al., 2008) and
several different methods implemented in Genalex v6.5 (Peakall &
Smouse, 2012). The Baps analysis consisted of a population mix-
ture analysis with spatial clustering of individuals with linked loci
varying the number of clusters (K) from K = 2 to K = 10 with 10
replicates each. The optimal number of K was based on the change
of log marginal likelihood of the Bayes factor. The degree of genetic
differentiation among clusters was then assessed through analysis
of molecular variance (AMOVA) and pairwise ®p; values among the
genetic clusters identified by Baps. We evaluated their significance
by permutations based on 999 replicates using Genalex. Finally, we
implemented a principal coordinates analysis (PCoA) to visualize

genetic dissimilarities between individuals in Genalex.

2.4 | Genomic analysis
2.41 | Fq;outlier tests, population structure,
AMOVA and PCA

To detect local adaptation, we used three different approaches:
Outflank (Whitlock & Lotterhos, 2015) based on the expected dis-
tribution of Fq, Pcadapt (Luu et al., 2016) outlier detection based on
PCA and Bayescan (Foll & Gaggiotti, 2008), which controls for the
geographical relationships between clusters. For Outflank, we chose
5% as the trim points and a minimum expected heterozygosity of 0.10
to infer the distribution. For Pcadapt, we used k = 2 based on the
scree plot which presents the percentage of variance explained by
each principal component (PC). The parameters for running Bayescan
were 20 pilot runs of 5000 iterations, followed by a sample size of
5000 with a thinning interval of 10 among 50,000 iterations.

For outlier SNPs and neutral SNPs (total SNPs minus outliers), we
ran assignment tests in Structure (Pritchard et al., 2000) for popula-
tion cluster values of K= 1 to 6. We performed 10 independent runs
for each K with 10,000 burn-in iterations followed by 100,000 MCMC
steps. We assumed the admixture model and included prior informa-
tion on populations. The number of distinct clusters was determined
using Structure Harvester (Earl & Vonholdt, 2012) based on the con-
servative Evanno's method (Evanno et al., 2005). We re-ran the anal-
ysis for each identified population cluster to look for sub-structuring.
Cluster assignment was visualized using Distruct (Rosenberg, 2004).

For both groups of SNPs (outliers and neutral), we performed
a PCA using the R package ‘adegenet v 2.1.3' (Jombart, 2008).
Genetic clusters identified by the population structure analysis

were used for AMOVA and to compute genetic diversity param-
eters: private alleles (Np), percentage of polymorphic loci (P%),
observed heterozygosity (Ho), expected heterozygosity (He)
and inbreeding coefficient (F ) for both datasets of SNPs using
Genalex.

2.4.2 | Genotype-environment association

We used a combination of variables to analyse gene-environment
associations (GEAs). All 2943 SNPs were tested for associations
with the nine environmental variables that characterize the climatic
niche of each genetic cluster. We used three different GEA meth-
ods: linear mixed model regressions implemented in the R package
‘gapit’ (Lipka et al., 2012), latent factor mixed models implemented
in ‘Ifmm’ (Frichot et al., 2013) and a Bayesian approach implemented
in Bayenv2 (Gunther & Coop, 2013). Association analyses were
conducted only with SNPs that had a minor allele frequency (MAF)
higher than 3%. SNPs with a threshold value of -log10(p-value)> 2, a
Z-score >4 (following Frichot et al., 2013) and BF >4 (following De La
Torre et al., 2014) were considered candidates for divergent selec-

tion, for MLM, LFMM and Bayenv, respectively.

2.4.3 | Geographical and ecological isolation

We explored the effects of IBD and IBE in the distribution of genetic
variation for the three datasets (cpDNA, outlier SNPs and neutral
SNPs). The response of genetic variation (dependent variable) to
changes in explanatory variables (geographical, environmental and
geographical + environmental distances) was assessed with multi-
ple matrix regression with randomization analysis (MMRR function
in R; Wang, 2013). The regression coefficients of IBE and IBD (f
and f,, respectively) were computed and tested for significance
with 999 permutations. The genetic distance matrix was calculated
as Euclidean distances, and geographical distances were estimated
in Km from the decimal degree coordinates of sampling locations,
both in Genalex. The environmental matrix was computed as Gower
distances estimated from 10 environmental variables, which showed
significant differences between lineages (see the GLMs of environ-
mental variables above) for sampling coordinates, using the R pack-
age ‘fd’ (Laliberté & Legendre, 2010).

3 | RESULTS

3.1 | Climatic niche characterization

All environmental variables included in the GLM analysis showed
significant differences (p<0.0001) between the genetic clusters
(data not shown). Correlation values between environmental vari-
ables ranged from -0.006 to 0.895, but after removing the highly
collinear variables (i.e. with VIF>10) only nine remained from the
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original set of 72 (Table S3). The results of the PCA with these nine
variables suggested the presence of two climatic niches, with 73% of
variation explained by the first three axes (Figure S1). The northern
cluster presented a wider niche, inhabiting a variety of temperature,
precipitation and soil conditions, while the southern cluster was pre-
sent in colder and drier climates (Figure S2).

3.2 | Chloroplast DNA genetic diversity and
structuring

The analysis of 203 cpDNA sequences resulted in 24 haplotypes
that were geographically structured into two major monophy-
letic clades, hereafter referred to as genetic clusters (Figure 1a,
Figure 2 and Figure S3). The length of the aligned cpDNA se-
quences varied between 1632 and 1670 bp and presented 21 vari-
able sites, 13 of which corresponded to substitutions, and eight to
indels (Table S4).

The median-joining analysis revealed a single network that in-
cluded the 24 haplotypes with no internal reticulations (Figure 2a).
We identified two main latitudinally structured haplotype groups
separated by 12 mutational steps: first, haplotypes from the north-
ern distribution range were closely related (1 to 3 mutations of dif-
ference); and second, haplotypes from the southern range were also
very alike, but very different from the northern ones (Figures 1a
and 2a). The MCC tree obtained with cpDNA sequences (Figure S3)
showed two main monophyletic clades with high Bayesian posterior
probabilities, hereafter clusters 1 and 2, from north to south, which
were highly spatially structured (Figure 1a). Haplotype H34, which
has a basal position in cluster 1, has a particular DNA sequence that
shares characteristics with haplotypes from both genetic clusters
(Table S4).

Molecular dating analysis showed deep lineage divergence
times between the two N. dombeyi haplotype groups of 47.56 Ma
(Figure S3). Haplotypes within cluster 1 continued to diverge at
~32.87 and 19.39 Ma as distinct spatially structured subclusters.
Within the subclusters, the haplotypes also diverged periodically
from ~16.2 Ma to <2 Ma (Figure S3).

The Baps analysis identified five genetic clusters (Figure 2b)
with high posterior probability (0.99); however, the KL-
divergence matrix (Table S5) showed that four of the clusters
were weakly differentiated (KL-distance <0.01) and could be

grouped; therefore we decided to use the genetic clustering

FIGURE 2 Concatenated sequences of three non-coding regions
of chloroplast DNA (trnL-trnF, trnH-psbA and psbB-psbH) obtained
for Nothofagus dombeyi populations from Chile and Argentina
evaluated by (a) median-joining network showing the relationship
between the 24 haplotypes; circle size is proportional to haplotype
frequency, and lines indicate mutational events; (b) Baps analysis
depicts spatial clustering of genetic groups for K= 5 and K= 2; and
(c) principal coordinate analysis showing the first two coordinates
(PC) which explain 90.76% of the total haplotype variation. Colours
correspond to genetic clusters shown in Figure 1.
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K = 2 (Figure 2b) for further analyses. The results of the PCoA
with 203 cpDNA sequences also suggested the presence of two
major genetic clusters (Figure 2c), which were concordant with
the monophyletic clades and the results of the Baps analysis.
The northern genetic cluster presented the highest values of
genetic diversity in terms of the number of haplotypes (20 out
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of 24), polymorphism (90%), and nucleotide and haplotype di-
versity, whereas the southernmost cluster presented the low-
est diversity values. Similarly, 20 haplotypes were recorded
in the north (cluster 1), whereas only four were found in the
south (cluster 2); all the haplotypes were unique to each cluster
(Table Sé6).

3.3 | Outlier tests, population structure and PCA
Local adaptation based on F¢; outliers was assessed using 2943
SNPs in 113 individuals. Outflank identified 69 SNPs with moder-
ate to high F¢; values (between 0.12 and 0.99), Pcadapt identified
45 SNPs with p-values <0.01 and Bayescan identified 25 SNPs with
moderate F¢; values (between 0.10 and 0.38; g-value = 0). After
comparing the results of the three univariate GEA analyses, we
found that 33 SNPs were identified as outliers in at least two of
the three analyses (Figure 3a and Table S7). From now on, we will
name these 33 SNPs as outlier SNPs, and the other 2910 as neutral.
The MAF of all 33 outlier SNPs (Table S7) increased with latitude,
indicating that rare alleles are most common in cluster 2, that is,
the south.

Population structure analyses showed the presence of two
major genetic clusters for outlier SNPs (Figure 1b, Figure 3b,c).
In contrast, neutral SNPs yielded signals of admixture (Figure 3b)
and no evident genetic structure (Figure 3d). PCA for outlier SNPs
showed that 73% of the total observed variation was explained
by the first two PCs (Figure 3c). The first two components of the
PCA can be explained by five outlier SNPs that yielded almost
unique homozygous genotypes and alleles for cluster 2 in PC1
(Figure S4). In contrast, the PCA for neutral SNPs explained only
5.4% of the observed total variation (Figure 3d), and the results of
the Structure Harvester analysis showed no clear spatial segrega-

tion of genotypes (Figure S5).

3.4 | Analyses of molecular variance

The AMOVA with cpDNA sequence data showed high genetic di-
vergence between the two genetic clusters (¥, = 0.813, p<0.001;
Table S8). The AMOVA at population level for outlier SNPs showed
that most of the genetic variation occurred between genetic clus-
ters (Fg; = 0.764, p<0.001; Table S9). On the other hand, neutral
SNPs showed no significant between-cluster genetic differentiation
(Fsy=0.005, p = 0.113; Table 510).

3.5 | Genotype-environment association

Bayenv, MLM and LFMM GEA analyses showed that 7 SNPs had
significant associations with climatic variables for at least two
of the three analyses (Table S11), three of which were also de-
tected as outlier SNPs based on F¢; analysis. The strongest clinal
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FIGURE 3 Genomic analyses based on single nucleotide
polymorphisms (SNPs) of Nothofagus dombeyi populations. (a)
Venn diagram of distinct methods applied to detect outlier loci; (b)
Structure analysis showing spatial clustering for K = 2 for outliers
and neutral SNPs, respectively; (c) principal component analysis
(PC1 vs PC2) by means of outlier and (d) neutral SNPs.

pattern in allele frequencies (from cluster 1 to cluster 2; 0.011 to
1, respectively) was found in SNP18154, associated with mean
monthly potential evapotranspiration (PET) of the wettest quarter
(PETWeQ). Climatic variables with significant effects were pre-
cipitation (bio19), evapotranspiration (PETWeQ) and temperature
(Temp1Omon and continentality); except for continentality, the
other three variables attained higher values in the northern cluster
1 (Figure S6).
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3.6 | Geographical and ecological isolation

The MMRR analysis revealed a strong relationship between geo-
graphical location and environmental distance matrices for both
cpDNA (R? = 0.208, p = 0.001) and SNP data (R? = 0.394, p = 0.001)
(Figure 4a,b). Also, IBD played a significant role in the genetic dif-
ferentiation of cpDNA lineages, as did IBE to a lesser extent, while
the combined effects of geography and the environment contributed
significantly to explain genetic differentiation (Table S12; Figure 4).
Outlier and neutral SNPs also showed significant IBD and IBE pat-
terns (Table S12; Figure 4). When considering both environment and
geography, the results showed weak but significant patterns of IBD
and IBE (Figure 4) based on both neutral and outlier SNPs (R? = 0.143,
p<0.01; R? = 0.129, p<0.01, respectively) (Table $12). In addition,
IBD and IBE analyses for cpDNA and outlier SNPs showed clear dif-
ferentiation of two geographically local and environmentally different
discrete clusters, as evidenced by the dot patterns in the scatterplot,
while no distinctive genetic groups were detected for neutral SNPs
(Figure 4).

4 | DISCUSSION

We used an empirical approach to show that phylogeographical
breaks prompted by vicariant events can be maintained by selection
despite gene flow. Combined phylogeologic analyses of N. dombeyi,
employing cpDNA and geogenomic methods, yielded latitudinally
structured genetic clusters that are geographically concordant with
adaptive SNP variants associated with distinct climatic niches. The
original latitudinal structure of N. dombeyi is the product of ancient
vicariant events that started as early as the Oligocene, which coin-
cides with fossil and tectonic evidence (Bechis et al., 2014; Bertels-
Psotka & Cusminsky, 2014). Although the age and tectonic setting
of the associated marine deposits are still a matter of debate, recent
studies based principally on U-Pb geochronology and Sr isotope
stratigraphy reinforced the early hypothesis (Ramos, 1982) that ma-
rine transgressions flooded a vast part of southern South America,
including the present Patagonian Andes (Encinas et al., 2018). The
structure of N. dombeyi chloroplast DNA lineages was similar to
those found in Nothofagus pumilio (Mathiasen & Premoli, 2010). In
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addition, a combined analysis of all the Nothofagus species inhab-
iting southern Patagonia, using cpDNA sequences, yielded con-
cordant phylogeographical patterns. These patterns were used to
reconstruct the effects of isolation that promoted divergence in the
presence of ancient basins (Acosta et al., 2014; Premoli et al., 2012).
Whereas it is widely accepted that genealogical gaps usually arise
from long-term extrinsic barriers to gene flow (Avise, 1994; Avise
et al., 1987), Irwin (2002) suggested that phylogeographical breaks
might develop in continuously distributed species in the absence
of geographical barriers. This occurs if the average individual dis-
persal distances or population size of the species is low. Although
N. dombeyi is predominantly outcrossed, local seed dispersal oc-
curs (Veblen et al., 1996), which particularly in closed forests re-
sults in significant fine-scale spatial genetic structures (Premoli &
Kitzberger, 2005). Therefore, the original cpDNA genetic signature
prompted by a vicariant event was probably maintained over time
by limited dispersal, thus maintaining the phylogeographical break.

Although no clear genetic structure was detected for neutral
SNPs through PCA, significant F¢; values, indicating the degree of
between-cluster divergence by AMOVA, were two orders of mag-
nitude less than those between cpDNA phylogroups and outlier
SNP clusters. Thus, the high homogeneity yielded by neutral SNPs
suggests no restriction to gene flow among N. dombeyi populations,
as previously recorded for different provenances using biparentally
inherited microsatellites (Diaz et al., 2022). Nonetheless, adaptive
divergence may limit among-population gene flow (Ye et al., 2017).
Genomic analyses of N. dombeyi inhabiting precipitation extremes
yielded significant yet lower between-site divergence for neutral
than for outlier SNPs (F¢; = 0.039 and 0.483, respectively) (Diaz
et al., 2020). The divergence of the outlier SNPs was similar to the
degree of differentiation in quantitative characters (Qq; = 0.42) at
leaf and whole plant levels under common garden conditions, thus
being indicative of genetically based variation driven by selection. In
addition, adaptive variation with latitude was reported in N. dombeyi
for seed weight and percent germination (Donoso, 1987), showing
that climate gradients and geography exert differential selective
pressures on trait variation, which can be maintained in the face of
potential gene flow. As a result, selection can lead to geographically
localized and differentially adapted groups (Irwin, 2012).

Outlier SNPs showed significant climatic associations, partic-
ularly with precipitation-related variables, indicating that water
accessibility is very important for N. dombeyi, whose successful
establishment depends on favourable wet conditions for growth
(Suarez & Kitzberger, 2010). Our results suggest that climate adap-
tation in N. dombeyi might have occurred due to many changes in al-
lele frequencies as a result of selection pressures related to climate.
In particular, outlier SNP groups were associated with two climatic
niches, which suggests that widespread taxa inhabiting heteroge-
neous environmental and climatic envelopes may adjust accordingly.

Discrete genetic clusters produced by cpDNA sequences
(Figures 2a, 4c and Figure S3) prove that the two groups are highly
differentiated. Similar to cpDNA, outlier SNPs yielded two ge-
netic groups. The SNP groups, however, had a relatively stronger

association with environmental variables (20% of total variance
compared to 7% for cpDNA), as they are adapted to different cli-
mates as a result of diversifying selection. Nonetheless, the similar
genetic structure of both cpDNA and outlier SNPs, driven mainly by
geography, indicates that the nuclear genome still contains signals of
past vicariant events like those shown in the black spruce (Prunier
et al., 2012), which were erased in neutral SNPs by high gene flow
rates in N. dombeyi. While geography and climate are highly cor-
related in N. dombeyi, the former seems to better explain the strong
phylogeographical structure and deep coalescence times found in
cpDNA as aresult of ancient historical processes. Past hybridization-
introgression cycles resulted in sympatric Nothofagus sharing copDNA
haplogroups (Acosta & Premoli, 2010), which may have reinforced
local divergence from a common gene pool by vicariance.

Allele frequencies for outlier SNPs changed considerably in the
southern cluster, many SNP loci being dominated by a single allele
which was different to that found in the northern one (Figure S4);
this indicates marked differences in the relative abundance of geno-
types throughout N. dombeyi range. However, the almost fixed fre-
quencies of alternative homozygous genotypes for some outlier SNP
loci suggests extranuclear inheritance, and thus distinct haplotypes
for such markers, while the low-frequency heterozygotes may imply
some degree of cpDNA heteroplasmy. Ongoing studies that include
sequencing of entire chloroplasts of Nothofagus species will contrib-
ute to clarify the potential adaptive value of cytoplasmic genomes.

The significant association found between environmental vari-
ables with different cpDNA lineages and outlier SNPs is a clear
indication of intraspecific variation in the ecological niche (Van
Valen, 1965) as a result of populations inhabiting distinct climatic
envelopes. Within-species niche variation has been interpreted as
niche specialization, which is considered widespread in a great di-
versity of taxa (Carlson et al., 2021). Thus, the evidence presented
here highlights the relevance of within-species niche variation in
SDMs, which by design do not usually account for intraspecific-level
variation. Overlooking this spatial heterogeneity may result in poor
performance of SDMs in research into global change, reconstruction
of past distributions, and management of future populations. In sum,
the two distinct clusters of N. dombeyi populations, which have been
deeply rooted since the mid-Tertiary, have been maintained by nat-

ural selection, and should be considered distinct conservation units.

5 | CONCLUSION

In this work, we show that a vicariance signal yielded by conserved
sequences of the chloroplast, and associated with geography, may
be reinforced by adaptation to distinct climatic niches, as portrayed
by outlier SNPs. Local divergence can be maintained over time de-
spite gene flow, as depicted by neutral SNPs. Our results indicate
that although no natural barriers to gene flow currently exist among
N. dombeyi populations, the phylogeographical differences between
lineages, produced by ancient vicariance, are still evident and are
maintained by diversifying selection in different environments.
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