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Abstract

Background: Hybridization is a natural phenomenon that involves successful mating between individuals from populations that are ecologi-
cally, morphologically or physiologically different. The genus Quercus is characterized by a high frequency of hybridization, even among spe-
cies that are notably divergent.

Questions: What are the patterns of population genomic diversity and structure, introgression and local adaptation in two hybridizing Mexican
red oak species?

Studied species: Quercus affinis and Quercus laurina.

Study site and dates: Sierra Madre Oriental and eastern Trans-Mexican Volcanic Belt, Mexico, 2017-2018

Methods: We conducted an analysis of hybridization from a landscape genomics perspective using 8,106 single nucleotide polymorphisms
(SNPs) to assess the extent of genomic admixture and the geographic distribution of pure and introgressed genotypes across the Q. affinis-Q.
laurina contact zone.

Results: Interspecific differentiation of the two parental species was moderate (¥, = 0.137). Populations in the contact zone showed the highest
levels of admixture. Genotype-environment association analyses and F-outlier methods detected between 31 and 96 putatively adaptive SNPs,
mainly located in genes involved in stress response. Models of sigmoid clines fitted to 232 species-diagnostic alleles indicated an average cline
center located in northern Puebla, and an average width of 387 km. Clines for 45 alleles were markedly narrower or displaced from the average
center, several of which were also identified as adaptive SNPs by the outlier detection tests.

Conclusions: Our results contribute to understanding how hybridization may enhance genetic diversity and evolutionary potential in oak popu-
lations.

Keywords: Hybridization, introgression, Quercus, single nucleotide polymorphisms, local adaptation, Mexico.

Resumen

Antecedentes: La hibridacion es un fendmeno natural que involucra el apareamiento exitoso entre individuos de poblaciones ecologica, mor-
folégica o fisiologicamente diferentes. El género Quercus se caracteriza por una alta frecuencia de hibridacion, incluso entre especies que son
notablemente divergentes.

Preguntas: ;Cuales son los patrones de diversidad y estructura gendmica, introgresion y adaptacion local en dos especies de encinos mexicanos
que se hibridan?

Especies de estudio: Quercus affinis y Quercus laurina.

Sitio y aiio de estudio: Sierra Madre Oriental y Faja Volcanica Transmexicana, 2017-2018.

Métodos: Realizamos un analisis de hibridacion desde una perspectiva de gendmica del paisaje usando 8,106 polimorfismos de un solo
nucledtido (SNPs), para evaluar el grado de mezcla gendémica y la distribucion geografica de los genotipos puros e introgresados en la zona de
contacto entre las especies.

Resultados: La diferenciacion entre las especies fue moderada (F,= 0.137). Las poblaciones en la zona de contacto mostraron los mayores
niveles de mezcla genética. Los analisis de asociacion genotipo-ambiente y de identificacion de loci atipicos detectaron entre 31 y 96 SNPs
potencialmente adaptativos, principalmente localizados en genes de respuesta al estrés. Los modelos de clinas ajustados a la frecuencia de 232
alelos especie-especificos mostraron un centro promedio localizado en el norte de Puebla, y una anchura promedio de 387 km. Las clinas de 45
alelos fueron marcadamente mas angostas o estuvieron desplazadas con respecto al centro promedio.

Conclusiones: Nuestros resultados contribuyen a entender como la hibridacion puede incrementar la diversidad genética y el potencial evolutivo
en las poblaciones de encinos.

Palabras clave: Hibridacion, introgresion, Quercus, polimorfismos de un solo nucléotido, adaptacion local, México.
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atural hybridization is an important source of new variation and a frequent component of the evolution-

ary history of many species (Futuyma et al. 1995) and, according to recent evidence, its role in adaptive

evolution is more significant in both plants and animals than previously believed (Abbott et al. 2016,

Martin & Jiggins 2017). In fact, when genetic variation is limited within species, hybridization and
introgression may be the source of new recombinant genotypes allowing rapid evolution in response to changing
selective pressures. Given the current climate change rate, the positive consequences of hybridization may outweigh
the negative consequences in some cases, since adaptation within an appropriate time frame may require new genetic
and phenotypic combinations (Kremer et al. 2012).

Adaptive introgression occurs when alleles from one population are spread into a recipient population and main-
tained by natural selection (Suarez-Gonzalez et al. 2018). Introgression can offer an increased capacity for adapta-
tion, range expansion in a changing climate and, in extreme cases, the persistence of genes at risk of extinction due
to the loss of parental species (Seehausen 2013, Rius & Darling 2014). This has important implications when species
are genetically impoverished, exhibit adaptational delays or have not been able to migrate in response to changing
environments (Hamilton & Miller 2016). Genomic studies of introgression between related species are offering
novel insights into its evolutionary consequences, underlining that it should be seen as a microevolutionary process
reinforcing adaptation (Martin & Jiggins 2017, Kremer & Hipp 2019). On the contrary, interspecific introgression
could break up co-adapted gene complexes, disrupt local adaptation and lead to genomic extinction (Hamilton &
Miller 2016).

The goal of landscape genomics is to explain spatial patterns of genetic variation in natural populations, including
the identification of locally adaptive genetic variation (Joost et al. 2013, Sork et al. 2016b). Studies in tree popula-
tions have found individual genes that show variation correlated with climate variables, such as genes involved in
response to abiotic variables (i.e. heat stress, drought resistance, and others) (De Kort ef al. 2015, Gugger et al. 2016,
Sork et al. 2016b). Although most genetic differences between related species are likely to be neutral, evidence from
provenance studies and landscape genomics analyses indicate that local adaptation is also important in shaping inter-
specific geographical patterns of genetic variation. However, demonstrating the extent to which genetic differentia-
tion in natural populations is due to selection or demographic factors requires additional research.

Hybridization is common among oaks (Quercus: Fagaceae) (Sullivan ef al. 2016). However, recurrent hybridiza-
tion among oak species apparently does not lead to a loss of adaptive distinctiveness (Curtu et al. 2007, Pefialoza-
Ramirez et al. 2010). Oaks thus present an opportunity to study how species coherence can be maintained with ongo-
ing gene flow (Arnold & Bennett 1993, Dodd & Afzal-Rafii 2004). Recent population genetics studies have focused
on Mexican oaks examining multiple species complexes known or suspected of hybridization (Gonzalez-Rodriguez
et al. 2004, Pefialoza-Ramirez et al. 2010, Valencia-Cuevas et al. 2015, Ramos-Ortiz et al. 2016).

The Mexican oaks Quercus affinis Scheidw. and Q. laurina Humb. et Bonpl. belonging to the Lobatae (red oak)
section of the subgenus Quercus are not closely related species as indicated by recent phylogenetic analyses (Hipp
et al. 2019). However, a large amount of evidence has shown that these two species show a level of hybridization
and introgression (Valencia Avalos 1994, Gonzalez-Rodriguez et al. 2004, 2005, Ramos-Ortiz et al. 2016). There is
clear morphological and genetic differentiation between Q. affinis and Q. laurina in most of the range of the species,
as well as evidence of a secondary contact zone located in the east of the Trans-Mexican Volcanic Belt and the north
of Oaxaca (Valencia 1994, Gonzélez-Rodriguez et al. 2004, Gonzélez-Rodriguez & Oyama 2005, Ramos-Ortiz et
al. 2016). In this contact zone, there is partial inconsistency between morphological and genetic variation (Valencia
1994, Gonzalez-Rodriguez et al. 2004, Ramos-Ortiz et al. 2016), which could be explained considering that when
introgression occurs, some portions of the genome easily cross the specific barrier, while others do it to a minimal
degree (Martinsen et al. 2001). This means that loci under divergent selection between the two species may be un-
dergoing restricted introgression despite interspecific gene flow and the exchange of neutral loci.

In this study, we used genotyping by sequencing (GBS) and environmental data to assess the extent of genomic
admixture and to map the geographic distribution of pure and admixed genotypes across the Q. affinis-Q. laurina
contact zone. For this, we generated 8,106 single nucleotide polymorphisms (SNPs) which were then used to address
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three objectives: (1) to determine population genetic diversity and structure, frequency of introgression and location
of admixed genotypes across the distribution area of Q. affinis, Q. laurina and their contact zone; (2) to identify loci
that could potentially be under the action of natural selection, using F -outlier and genotype-environment associa-
tion methods; (3) to visualize the patterns of population genomic turnover and its association to climatic gradients
across the landscape and detect potential instances of local adaptation.

Materials and methods

Sample Collection. Leaf samples were collected from 63 individuals of Q. affinis and Q. laurina in eleven localities
along a latitudinal gradient from the south of Oaxaca state to the north of Tamaulipas state in Mexico (Figure 1A).
Minimum distances of 50 m were maintained between consecutive trees to avoid sampling related individuals. From

each individual, 5-10 young, undamaged leaves were collected, transported on ice, and then stored in the laboratory
at -80 °C for DNA extraction.
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Figure 1. Distribution of Quercus affinis and Q. laurina (shaded area) and assignment proportion to the genetic groups identified in the Structure analysis
(K'=2) in each population (A). Inner lines in the map demarcate physiographic regions. Heatmap of paired F between populations of Quercus affinis and
Q. laurina calculated with the Nei87 method (B). Genetic structure based on Bayesian assignment with the software Structure for K = 2 (C). Populations

TamA and SLPA correspond to Q. affinis, OaxLY, OaxL and OaxLL to Q. laurina, and HidA, PueHT, VerH, PueHZ, OaxH, and OaxLC, correspond to
the contact zone between the two species.
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DNA extraction and GBS library preparation. DNA was extracted from 63 samples using 2X CTAB (Rogers &
Bendich 1985,) and treated with RNase. Each sample was quantified using a Qubit fluorometer, quality assessed by
agarose gel electrophoresis, and diluted to a concentration of 100 ng/uL. The GBS library was prepared as origi-
nally described in Elshire et al. (2011) with modifications used for other oak species (Martins et a/. 2018). Briefly,
each sample (20 ng/pL) was digested with the restriction enzyme Pst/ and adapters were ligated to the DNA frag-
ments. Adapter-ligated fragments were sequenced in an I1lumina NextSeq 550 producing 150 base paired-end reads
at the Laboratorio Nacional de Andlisis y Sintesis Ecologica (LANASE, Escuela Nacional de Estudios Superiores
Morelia, UNAM).

Bioinformatics and sequence filtering. We used Trimmomatic v. 0.39 (Bolger et al. 2014) to trim all sequences to 110
pb with the following filters: threads 4 -phred33 crop:110 headcrop:10 trailing:20. Using the process_radtags module
in Stacks v. 2.0 (Catchen et al. 2011, 2013) we filtered trimmed Illumina reads with a minimum confidence thresh-
old (Phred-scaled) of 20 and eliminated adapter sequences using the following parameters: --adapter 1 TCGTC-
GGCAGCGTCAGATGTGTATAAGAGACAG --adapter 2 GTCTCGTGGGCTCGGAGATGTGTATAAGAGA-
CAG --adapter mm 2 --disable rad chec -r -c -q -s 20 --index_index. Using Bowtie2 (Langmead et al. 2009), the
filtered reads were aligned to the Quercus lobata reference genome v. 3.0 (NCBI Accession LRBV00000000.1, and
available in Valley oak project website, valleyoak.ucla.edu; Sork et al. 2016a). The aligned reads with the Binary
Alignment Map (BAM) format were then processed for catalog locus construction and SNP identification by the
ref map.pl pipeline implemented in Stacks with two components (gstacks and populations). Those components
identified SNPs in each aligned sample. We used VCFtools v. 0.1.1.6 (Danecek et al. 2011) to filter the SNPs to
include only biallelic sites, to be present in at least 80 % of individuals, to have a minimum mean coverage depth
of 5 and minor allele frequency (MAF) > 0.1 and to be in Hardy-Weinberg equilibrium (HWE; with a significance
level of P < 0.0001). To remove SNPs that were in linkage disequilibrium (LD) we used Plink v. 1.90 (Purcell et
al. 2007) with the following parameters: --indep-pairwise 50 5 0.5. Additionally, we used the write_single snp
command in the populations module of Stacks to ensure the inclusion of only one SNP per read in the database.
Due to excessive missing data, seven samples were discarded, and the rest of the analyses were performed with the
remaining 56 individuals (Table 1).

Table 1. Sampling localities and number of individuals analyzed from each site.

Species Locality/State Code N Longitude Latitude Elevation (m)
0. affinis El Puerto de Arrazolo, Tamaulipas TamA 3 -99.193 23.553 1,630
Pinal de Amoles, Quéretaro SLPA 6 -99.563 21.24 2,320
El Zembo, Hidalgo HidA 9 -98.557 20.207 2,103
Tetela de Ocampo, Puebla PueHT 2 -97.8 19.667 2,680
Contact zone Zoquitlan, Puebla PueHZ 10 -97.083 18.283 2,300
Tonayan, Veracruz VerH 4 -96.9 19.717 1,897
Papalo, Oaxaca OaxH 6 -96.8 17.85 2,900
Comaltepec, Oaxaca OaxLC 3 -96.525 17.558 2,600
0. laurina San Pedro y San Pablo Ayutla, Oaxaca  OaxLY 5 -96.075 17.025 2,100
Suchixtepec, Oaxaca OaxL 6 -96.467 16.1 2,600
Lachao, Oaxaca OaxLL 2 -97.133 16.217 2,179
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Genetic diversity and population structure. To describe genetic diversity we used the packages adegenet v. 2.1.2 (Jom-
bart 2008), pegas v. 0.13 (Paradis 2010) and hierfstat v. 0.04-22 (Goudet & Jombart 2015) in R software (R Core Team
2019). For each population, we estimated the observed heterozygosity (), gene diversity (H,) and the inbreeding
coefficient (F). Confidence intervals for F, were calculated implementing 1,000 bootstrap repetitions, and Bartlett’s
test of homogeneity of variances was used to identify significant differences between H , and H,. Principal Components
Analysis (PCA) was performed using the adegenet package in R software using the cumulative variance protocol to
determine the maximum number of genetic clusters. Paired F, values between populations were estimated with the
hierfstat package using the Nei87 method for calculation (Nei 1987). Hierarchical F-statistics were obtained to deter-
mine the overall variance components at the individuals and populations levels, and a test of significance of the effect of
populations on genetic differentiation was implemented using the zest.g module with 1,000 permutations.

Genetic structure was inferred using a Bayesian method with the software Structure v. 2.3.4 (Pritchard et al.
2000). For this, we evaluated K values from 1 to 11 performing ten independent runs for each K. We implemented
the admixture model with a length of burn-in period of 100,000 and 500,000 Markov Chain Monte Carlo (MCMC)
repetitions. We used the AK method (Evanno et al. 2005) implemented in Structure Harvester (Earl & von Holdt
2012) to determine the number of K that best describes the distribution of genetic variation in our data. Then, we
used Distruct v. 1.1 (Rosenberg 2004) to display population structure plots.

Genomic cline analyses. To compare the patterns of introgression at individual loci in the hybrid zone, we used
the hzar package v. 0.2.5 (Derryberry et al. 2014) in R using the Metropolis-Hastings Markov Chain Monte Carlo
(MCMC) algorithm. For 232 species-diagnostic alleles (those with a frequency of 0 in one species and 1 in the other
species; see Supplemetary material 1, Table S1) we fitted models of sigmoid clines and obtained the position of cline
center and cline width for each locus. OaxL (Q. laurina) and TamA (Q. affinis) were used as reference populations.
For all loci, we chose the allele with a frequency of 1 in OaxL and 0 in TamA. For each locus, we tested three models
with differences in trait intervals and tail shape (observed values and none fitted; estimated values and none fitted;
and estimated values and both tails estimated separately). The model with the lowest Akaike Information Criterion
(AIC) score was selected as the best model. A null model was also included in the analysis. We ran each model for
100,000 MCMC using a burn-in period of 10,000. All clines were defined between 0 and 900 km. We repeated the
analyses three times to ensure convergence of the parameters and used confidence intervals to compare cline center
and width across all clines.

Genome scans for outlier detection. To detect candidate loci potentially under natural selection we used two out-
lier detection methods (Bayescan and Pcadapt). First, we applied Bayescan v. 2.1, which implements a Bayesian
method based on differences in allele frequencies between populations (Foll & Gaggiotti 2008). We performed the
analysis with 20 pilot runs with a lenght of 5,000 iterations, a burn-in length of 50,000 iterations and a thinning inter-
val size of 10, prior odds set to 100 and a final run of 100,000 iterations. Then we ran the function plot bayescan in
R to plot and identify outlier loci based on a false discovery rate (FDR) < 0.0001. Functional annotation or genomic
contexts of outlier SNPs were determined manually using the chromosome position of each SNP in the predicted
gene models in the Quercus lobata genome (Sork et al. 2016a) and using UniProt/Swiss-Prot database (UniProt
Consortium 2019) to identify the possible protein and function in the case of coding genes.

The second outlier method was implemented using the pcadapt v. 4.3.3 package (Privé et al. 2020) in R. We used
K =2, according to the scree plots of the proportion of explained variance (which is also in agreement to AK method,
see results) to account for population structure. To correct for FDR we used the package qvalue v. 2.18.0 (Storey et
al.2019) in R with a cutoff of ¢ < 0.01.

Genotype-environment association analysis. To detect signatures of environmental selection on SNPs, we imple-
mented Latent Factor Mixed Models (LFMM) analysis to test for association between specific loci and climatic
variables. For this, we used LFMM v. 2 (Caye et al. 2019) included in the Lea package (Frichot et al. 2013) in R.
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Climatic data for sampled populations were drawn from the WorldClim database (Hijmans et a/. 2005). Multicollin-
earity in the nineteen variables was detected calculating the variance inflation factor (VIF) with the package usdm v.
1.1-18 (Naimi 2023) in R and excluding variables with VIF > 5. Selected variables were biol0 (Mean Temperature
of Warmest Quarter), bioll (Mean Temperature of Coldest Quarter), biol5 (Precipitation Seasonality), biol8 (Pre-
cipitation of Warmest Quarter) and bio19 (Precipitation of Coldest Quarter).

Ten LFMM independent runs were implemented with 6,000 iterations and a burn-in of 3,000. To compute cali-
brated p-values we extracted the median |z|-scores and the ? distribution for each set of associations to obtain the
genomic inflation factor A (Devlin & Roeder 1999). Visual observation of histograms of calibrated p-values was used
to confirm latent factors effect for K = 2 (according to the Structure and AK method results, see below). To control
type I error due to multiple comparisons, the FDR method (Benjamini & Hochberg 1995) was implemented. The
correction of P-values was performed calculating the g-values using the package qvalue v. 2.18.0 (Storey et al.
2019) in R. We considered a SNP to be significantly associated with a climatic variable when ¢ < 0.01 and |z| > 2.
Then, we performed the functional annotation of the significantly associated SNPs following the same procedure
explained above for those SNPs identified in the Bayescan analysis.

For visualizing the associations of spatial and climate variables with allele frequencies of populations we imple-
mented the Gradient Forest (GF) analysis (Fitzpatrick & Keller 2015) using gradient forest package v. 1.6.1 (Ellis et
al.2012) in R. The model was performed for the complete set of SNPs (8,106) and for the 31 significantly climate-as-
sociated SNPs from LFMM (see results). For both GF models we used the five uncorrelated bioclimatic variables de-
scribed above. The effects of spatial distribution on genetic variation was included obtaining distance-based Moran’s
eigenvectors (IbMEMs; Borcard et al. 2011, Legendre & Legendre 2012) from a geographic distance matrix using
adespatial v. 0.3-8 (Dray et al. 2012) and adegraphics v. 1.0.15 (Siberchicot et al. 2017) in R. The GF analysis was
performed as described in Fitzpatrick & Keller (2015): 2000 regression trees per SNP, maximum number of splits to
evaluate maxLevel = log,(0.368n)/2 and a correlation threshold of 0.5 (Strobl et al. 2008, Ellis et al. 2012). Relative
importance of predictors for the two SNP sets was assessed through R?>-weighted values. Changes in allele frequen-
cies due to environmental and spatial gradients were estimated using the GF turnover function.

Additionally, we reduced multiple climatic variables into multivariate synthetic variables using non-scaled prin-
cipal components analysis (PCA). Then, we performed Procrustes superimposition (Gower 1971, Jackson 1995) to
compare results between the set of all SNPs and the set of climate-associated SNPs using vegan v. 2.5-6 (Oksanen
et al. 2019) in R. This was performed to identify geographic areas where adaptive genomic variation deviates from
neutral variation. Finally, a second scaled PCA for climate-associated SNPs was performed using the package pegas
v. 0.13 to represent associations between predictor variables and differences in genetic composition of populations.

Results

Genomic data and samples. After discarding seven individuals with low quality data, the number of individuals
genotyped per population ranged from 2 to 10 with a median of 5 per population and a total of 56 (Table 1), of
which 34 were from six populations within the region that we call the contact zone (Ramos-Ortiz et al. 2016). In
these 56 samples, the number of sequence reads obtained ranged between 1,936,179 and 6,670,057, with a mean of
2,964,218.2. We identified 8,106 SNPs after filtering for quality, depth, HWE, and LD. On average, 63 % of the
samples included had less than 5.5 % of missing data, 23 % of the samples had 16.2 % of missing data, 7 % of
the samples had 24.4 % of missing data and 3.6 % (two samples) had 35 % and 43 % of missing data, respectively.
The mean depth of coverage per locus per sample was 26.5x.

Genetic diversity and population structure. The average gene diversity was Hg = 0.283. Three populations in the
contact zone, HidA, PueHT and OaxH, showed the highest gene diversity (H = 0.313 to 0.323), while Q. laurina
populations OaxLY, OaxL and OaxLL showed the lowest (H, = 0.236 to 0.252) (Table 2). Overall differentiation
across all populations was moderate (F, = 0.137; P <0.0001); and pairwise F . ranged from very low to high (0.002
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- 0.31), where the least differentiation was observed between the two populations of Q. affinis in the north of its dis-
tribution (TamA and SLPA), and the higher differentiation was observed between the southernmost population of Q.
laurina (OaxLL) and the northern populations of Q. affinis (TamA and SLPA) (Figure 1B). Furthermore, there was
a strong pattern of geographic structure according to Structure and PCA analyses. According to AK, the distribution
of genetic variation is best explained with two ancestral genetic groups (K = 2), splitting populations of Q. affinis
and Q. laurina into two distinct genetic groups (Figure 1C). Individuals of the populations HidA, PueHT and VerH
showed admixture between Q. affinis and Q. laurina while a low degree of introgression was observed in the rest
of the populations in the contact zone. Results obtained in the PCA analysis showed a similar pattern of geographic
correspondence of individuals (Supplemetary material 2, Figure S1). PC1 explained 20 % of the variation and sepa-
rated populations of Q. affinis (TamA and SLPA) and populations of Q. laurina (OaxLL, OaxL and OaxLY) at the
two extremes of the axis. Admixed individuals from HidA, PueHT and VerH presented intermediate values along
PC1, while the PC2 explained little variation (3.3 %) and mainly separated admixed populations from Q. laurina
populations.

Table 2. Observed (H ) and expected (H,) heterozygosity and inbreeding coefficient (¥) in sampled populations of Q. affinis, Q. laurina

and the contact zone.

Species Population H, H F confidence interval
TamA 0.276 0.281 -0.002 0.036
Q. affinis SLPA 0.266 0.279 0.032 0.060
HidA 0.286 0.313 0.076 0.098
PueHT 0.248 0.310 -0.227-0.131
Contact zone PueHZ 0.302 0.291 -0.052-0.029
VerH 0.265 0.291 0.071 0.105
OaxH 0.278 0.323 0.129 0.155
OaxLC 0.238 0.282 0.1370.176
OaxLY 0.233 0.247 0.042 0.077
Q. laurina OaxL 0.229 0.252 0.072 0.105
OaxLL 0.226 0.236 -0.252 -0.168
Overall 0.259 0.282 0.099

Genomic cline analyses. Sigmoid clines fitted to allele frequency changeover at 232 loci with alternative alleles fixed
in reference populations of Q. affinis and Q. laurina are shown in Figure 2. The average cline center was situated
at the km 430.6 (average confidence interval 362.2-517.2), counted from population OaxL, and coincided approxi-
mately with the location of population PueHT. The average cline width was 387.2 km (273.2-644.9). Six loci showed
markedly narrower cline widths whose confidence intervals did not overlap with mean confidence intervals (Figure
2). Also, the cline center of 25 loci was displaced to the right of the average center and for 18 loci the center was
displaced to the left of the average center. Four of these displaced loci also were among the ones with narrow clines,
and of the total 45 loci with discordant clines, six were F outliers too (see below; Supplemetary material 1, Tables
S2, S3 and S4; Supplemetary material 2, Figure S2). Several loci corresponded to coding regions with functional
roles such as leaf development, herbivory or pathogen response, symbiont interaction, etc.

Genome scans for outlier detection. Bayescan analysis detected 92 candidate loci under divergent selection (Figure

3) of which 73 are located in 51 genes (3 uncharacterized genes) and 19 in noncoding or unknown regions (Sup-
plemetary material 1, Table S5). Of these 51 SNPs, twenty-nine are in exons and 22 in introns. The overall population
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Figure 3. Bayescan plot for 8,106 SNPs of Quercus affinis and Q. laurina. Red points represent the 92 significant outlier loci detected by the analysis.

differentiation for the SNPs detected by Bayescan was considerably stronger than for the full SNP set (F,, = 0.643, P
<0.0001). Pcadapt identified 96 outlier SNPs (Table S6), also considerably differentiated (F;, = 0.373, P < 0.0001).

Genotype-Environment Association analysis. Using K = 2 from the Structure analysis as the number of latent factors
in LFMM analysis, we found uniform distribution of the frequencies of P-values for the five bioclimatic variables
included (Supplemetary material 2, Figure S3), ensuring an efficient control of the false discovery rate (Frangois et
al. 2016). We found 31 SNPs significantly associated (¢ < 0.01 and |z|-scores > 2) with climate variables (Figure 4),
of which 26 are located in 19 genes (five uncharacterized genes) and five located in noncoding or unknown regions
(Supplemetary material 1, Table S7). Of these 26 SNPs, ten are located in exons, while 16 are mutations located in
introns. Twenty-five SNPs were associated with precipitation of coldest quarter (bio19), five SNPs to mean tempera-
ture of the warmest quarter (bio10), and two SNPs to mean temperature of the coldest quarter (biol1) (SNP 6388 was
associated with both bio10 and bio11). We did not find SNPs associated with precipitation variables biol5 and bio18.
In overall, several SNPs were identified as atypical by more than one method. There were 25 SNPs in common between
Bayescan and Pcadapt, and two SNPs in common between Pcapat and LFMM (Supplemetary material 2, Figure S2).
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Figure 4. Results of the Latent Factors Mixed Model (LFMM) analysis. Red dots represent SNPs significantly associated with climate variables control-

ling for two genetic groups.

Identification of local adaptation. The GF model using all SNPs showed that dbMEM spatial variables and pre-
cipitation seasonality (biol5) were the most important predictors of the turnover in allele frequency across the
landscape, while for the set of climate-associated SNPs precipitation seasonality (biol5) and precipitation of
coldest quarter (bio19) were the two principal predictors, with similar R?-weighted importance for both datasets
(Supplemetary material 2, Figure S4). The model using climate-associated SNPs explained more variation along
the gradients, according to R* values. A rapid turnover in allele frequencies was observed in SNPs associated
with precipitation seasonality (biol5) and precipitation of coldest quarter (bio19) (Figure 5). PC1 (Figure 6D)
separated the northern populations of Quercus affinis TamA and SLPA from the southern populations OaxL and
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OaxLL explained mainly by the dbMEM spatial variable and precipitation seasonality (biol5), while admixed
populations showed intermediate values along PC1. PC2 separated the VerH population from all the other popula-
tions, explaining allele frequency composition and divergence by the strong effect of precipitation of the coldest
quarter (bio19) (Figure 6D). Admixed populations HidA and PueHT are more similar in genetic composition to
Q. affinis, whose turnover is explained by the dbMEM spatial variable, while admixed populations PueHZ and
OaxH share similar allele frequency composition with Q. laurina populations, explained mainly by biol5 (Figure
6D). Also, the Procrustes analysis revealed that the highest deviation between the full set (Figure 6A) and the
climate-associated SNPs (Figure 6B) was in the central and eastern populations, with the highest value in VerH.
These could indicate that local adaptation could be more intense in these areas (Figure 6C). Temperature variables
bio10 and biol1, and precipitation variable bio18 did not have a strong effect on the genetic composition of the
populations.
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Figure 5. Comparison between allele frequency turnover in relation to values of bioclimatic variables using all SNPs and only climate-associated SNPs

in Quercus affinis and Quercus laurina populations.
Discussion

The present research supports previous studies reporting hybridization between Q. affinis and Q. laurina (Gonzélez-
Rodriguez et al. 2004, Gonzalez-Rodriguez & Oyama 2005, Ramos-Ortiz et al. 2016). However, here, the use of
more than 8,000 SNPs has allowed a detailed description of genetic diversity, proportion of admixed individuals, and
allele frequency composition associated with environmental gradients. Our results also agree with those obtained
in other oaks (Reutimann et al. 2023), and are useful to understand the influence of the environment on the genetic
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composition of admixed populations (Dodd & Afzal-Rafii 2004, Hamilton & Aitken 2013, Sullivan et al. 2016,
Ortego et al. 2018).

Genetic structure and diversity. Quercus laurina and Q. affinis are not closely related taxa according to recent phy-
logenetic analyses (Hipp et al. 2019). Allopatric populations of the two species showed marked genetic differentia-
tion, like that found for other clearly distinct oak species (Grivet et al. 2008, Ortego et al. 2018). On the other hand,
we characterized admixture levels in the contact zone between Q. affinis and Q. laurina and found that three of the
sampled populations combine the two parental genetic groups, HidA, PueHT and VerH. Whereas populations HidA
and VerH are more related to Q. affinis populations, PueHT is intermediate between Q. affinis and Q. laurina. This in-
dicates extensive levels of hybridization between the two species in the contact zone. Additionally, genetic diversity
values (Hs) were higher in these three admixed populations compared to either Q. affinis or Q. laurina populations
outside the contact zone, supporting the notion that hybridization may enhance genetic diversity with potentially
important ecological and evolutionary consequences (Stankowski et al. 2021).
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Figure 6. Gradient forest analysis showing spatial variation in genomic composition of Quercus affinis and Q. laurina populations in association to en-
vironmental gradients for the full set of SNPs (A) and climate-associated SNPs (B), and Procrustes superimposition analysis for the comparison between
adaptive SNPs and the full set of SNPs (C). Colors in (A) and (B) represent the genetic turnover based on the modelled relationships of allele frequencies
with environmental and spatial variables. Similar colors represent localities with similar expected genetic composition. Note that colors are not compa-
rable between the two panels. In (C), warmer colors represent the largest difference between the two SNP sets. Principal components analysis based on
climate-associated SNPs showing the effect of bioclimatic variables as vectors (D).
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Local adaptation and landscape distribution of the genomic variation. The genus Quercus has been proposed as
a model group for a species concept that relies on ecological criteria, rather than reproductive isolation, to delimit
boundaries among taxa (Valen 1976). Long-distance gene flow characteristic of oaks is suggested, then, to break the
ecological isolation needed for new species formation, resulting in complex hybrid systems (Whittemore & Schaal
1991, Muir & Schlétterer 2005, Petit et al. 2004, Valbuena-Carabaiia et al. 2005). In contrast, barriers to gene flow
in hybridizing species may be maintained through differential environmental pressures (Dodd & Afzal-Rafii 2004,
Hamilton & Aitken 2013), and high population differentiation between populations may be indicative of local adap-
tation. In agreement with this hypothesis, oak species are frequently stratified along water and nutrient availability
gradients and differ in their adaptations to drought, light availability and temperature (Cavender-Bares et al. 2004,
Cavender-Bares 2019). In this sense, revealing the role of environmental variables in the formation of the population
genetic composition is a major concern of landscape genomics (Barley et al. 2015, Leamy et al. 2016). Detecting
candidate outlier loci by genome scan analysis and candidate loci with significant relationships between environmen-
tal gradients and allele frequencies is essential to identify genes potentially involved in local adaptation (Coop et al.
2010, Frichot et al. 2013). Our results revealed 92 outlier SNPs with Bayescan, 96 with Pcadapt, and 31 with LFMM
which were associated with precipitation and temperature variables. Several SNPs were identified by more than one
method, increasing confidence in their detection as potentially adaptive candidate loci. It was possible to identify
genes in which some of those SNPs are found, most of which are well characterized coding genes in Arabidopsis
thaliana (L.) Heynh., Oriza sativa L., Nicotiana tabacum L., and Coffea arabica L. (Supplemetary material 1, Tables
S5 and S7) (Nozue et al. 1996, Li et al. 2001, Forouhar et al. 2005, Li et al. 2012, Li et al. 2016, Chang et al. 2021).
These genes are related to plant biotic and abiotic stress responses and involved in processes such as DNA repair,
antioxidant defense, embryo development, desiccation tolerance, plant innate and basal immunity, cell integrity of
rapidly growing tissue, organ development, regulation of flowering and expression control on circadian oscillation,
seed size, germination, growth and production, plant architecture determination, leaf senescence, cold shock toler-
ance, fungal susceptibility, carbon assimilation, respiration mechanisms, phosphorous assimilation, promotion of cell
death, disease tolerance (antiviral resistance) and inflorescence architecture (more detail in Supplemetary material 1,
Tables S5 and S7). These candidate genes identified in this work represent new relevant information for future studies
about phenotypic response under stress conditions in oaks.

On the other hand, the high overall F value obtained for the SNPs detected by Bayescan (0.643) and Pcadapt
(0.372) indicates that other factors, different from the climatic gradients, are causing a strong differentiation at some
loci. Hybrid zone theory indicates that selection against recombination between parental genomes can be either in-
trinsic or extrinsic (Stankowski ef al. 2021). Intrinsic selection occurs when introgressed alleles are selected against
in the heterospecific genomic context, because of the disruption of gene coadaptation and regulation networks usu-
ally reflected in a lower fitness of hybrids compared to parental individuals (Ramos-Ortiz et al. 2016, Stankowski et
al. 2021). In turn, extrinsic selection occurs when the relative fitness of parental and hybrid individuals is variable
across an ecological gradient due to genotype-environment interactions, with hybrids possibly showing higher fit-
ness in some environments (Stankowski ez al. 2021). In this context, the analysis of genomic clines was particularly
revealing, because it allowed the identification of several loci with markedly narrow clines, suggesting that selection
may be particularly strong against introgression of species-specific alleles in these genomic regions (Stankowski et
al. 2021). In turn, non-coincident (displaced) clines, may indicate the action of distinct extrinsic selection pressures
on different parts of the genome. However, understanding whether these patterns are due to selection by ecological
factors that we did not account for (i.e. soil properties, biotic interactions, etc.), will require further studies.

Our results about genotype-environment association suggest that precipitation seasonality and precipitation of the
coldest quarter are variables that exert a marked influence on the multilocus genomic composition of Q. affinis and
Q. laurina populations, which is supported by the rapid allele frequency turnover at these loci, unlike background
genome composition. This result is congruent with the observed response to climate variables in other Mexican
oak species such as Q. rugosa with distribution across the Trans-Mexican Volcanic Belt (Martins et al. 2018). One
interesting case in our results was the marked differentiation at climate-associated SNPs observed for the admixed
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population VerH and mainly explained by precipitation of the coldest quarter (bio19). This population is located in
the oriental face of the Sierra Madre Oriental and receives a considerable higher annual precipitation (up to 4,000
mm) compared to the other populations included in the study (600-1,200 mm) and with less seasonality, since win-
ter precipitations represent more than 18 % of the total annual precipitation (Herndndez-Cerda & Carrasco-Anaya
2004). The distinctness of this population is also supported by the Procrustes analysis, which indicated that gradient
forest models differed considerably between the full set of SNPs and the climate-associated SNPs at this site.

In conclusion, in this study we have obtained a more detailed view of the genetic structure of the hybrid zone
between Q. affinis and Q. laurina than was possible in earlier studies based on a few marker loci. As commonly
reported for plant hybrid populations, we found evidence of increased genetic variation in three genetically admixed
populations located in the contact zone. We identified a number of loci with elevated differentiation among popula-
tions, suggesting either intrinsic or extrinsic divergent selection pressures at some regions of the genome of these oak
species. We also identified loci that follow climatic gradients mostly driven by precipitation of the coldest quarter.
Finally, the gradient forest analysis allowed visualizing the spatial turnover of genomic composition of populations
across the landscape and revealed the strong genetic distinctness of one population (VerH), with potential implica-
tions for conservation and management of these valuable tree populations.

Supplementary material

Supplemental data for this article can be accessed here: https://doi.org/10.17129/botsci.3707
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