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ABSTRACT

Tree species are often locally adapted to their environments, but the extent to which environmental adaptation contributes
to incipient speciation is unclear. One of the rarest pines in the world, Torrey pine (Pinus torreyana Parry), persists naturally
across one island and one mainland population in southern California. The two populations are morphologically and genetically
differentiated but experience some connectivity, making it an ideal system for assessing the evolution of reproductive isolation.
Previous work has found evidence of heterosis in F1 mainland-island hybrids, suggesting genetic rescue could be beneficial in
the absence of reproductive barriers. Using ddRADseq and GWAS for a common garden experiment of island, mainland, and F1
individuals, we identified candidate loci for environmentally driven reproductive isolation, their function, and their relationship
to fitness proxies. By simulating neutral evolution and admixture between the two populations, we identified loci that exhibited
reduced heterozygosity in the F1s, evidence of selection against admixture. SNPs with reduced F1 heterozygosity were enriched
for growth and pollination functions, suggesting genetic variants that could be involved in the evolution of reproductive barriers
between populations. One locus with reduced F1 heterozygosity exhibited strong associations with growth and reproductive
fitness proxies in the common garden, with the mainland allele conferring increased fitness. If this locus experiences divergent
selection in the two natural populations, it could promote their reproductive isolation. Finally, although hybridization largely
reduced allele fixation in the F1s initially, indicating heterosis is likely due to the masking of deleterious alleles, the emer-
gence of reproductive isolation between populations may diminish the longer-term benefits of genetic rescue in F2 or advanced-
generation hybrids. As Torrey pine is a candidate for interpopulation genetic rescue, caution is warranted where longer-term gene
flow between diverged populations may result in reduced fitness if barriers have evolved.
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1 | Background

Forest trees are well-known for maintaining signatures of local
adaptation among populations even when experiencing high
levels of homogenizing gene flow (Cannon and Petit 2020; Janes
and Hamilton 2017; Petit and Hampe 2006). This apparent para-
dox is explained by strong competition and selection at early life
stages: deleterious non-adaptive alleles introduced by migrant
individuals or pollen are likely to be removed from the gene pool
(Petit and Hampe 2006). In some cases, population differentia-
tion may lead to reproductive isolation and eventually speciation
(Andrew and Rieseberg 2013; Hendry 2009; Hendry et al. 2007;
Nosil et al. 2009b; Schluter 2001, 2009). However, the evolution-
ary and genomic mechanisms underlying the shift from local ad-
aptation with gene flow to the evolution of reproductive isolation
are poorly documented in trees, particularly conifers (Bolte and
Eckert 2020). The prevalence of local adaptation even under high
levels of gene flow makes trees a good system for better under-
standing how and when divergent selection may drive the evolu-
tion of reproductive isolation, a prerequisite for speciation.

Speciation requires the evolution of genetic divergence, which
can arise in response to environmental differences, as a re-
sult of isolation, or a combination of both (Nosil et al. 2009a,
2009b; Schluter 2001). Allopatry may cause intrinsic reproduc-
tive incompatibilities to evolve between populations, resulting
in reproductive isolation if they come into secondary contact.
However, reproductive isolation can evolve even when gene flow
is occurring if selection against migrants and hybrids is strong
enough (Schluter 2009). If non-local alleles are deleterious, se-
lection against them may favor the evolution of reproductive
barriers. Extrinsic postzygotic reproductive barriers may occur
when environmental selection results in lower hybrid or mi-
grant fitness (as found by Lowry et al. 2008b; Melo et al. 2014;
Richards and Ortiz-Barrientos 2016), while intrinsic postzygotic
barriers result in lower hybrid fitness regardless of the environ-
ment (Coughlan and Matute 2020). While both types of barri-
ers can be involved in speciation, with great variation in the
strength of each type of barrier across systems, extrinsic post-
zygotic barriers are generally stronger than intrinsic postzygotic
barriers (Christie et al. 2022). Additionally, extrinsic postzygotic
barriers are stronger in ecotypes than in species, suggesting they
may be more important at earlier stages of speciation (Christie
et al. 2022) with intrinsic postzygotic isolation being important
at later stages, either as a result of divergence or by contributing
to reinforcement (Coughlan and Matute 2020).

As reproductive isolation can arise through many mechanisms,
including both prezygotic and postzygotic barriers, identifying
the genes underlying these reproductive barriers can help us
better understand the process of speciation at the genomic level
(Choi et al. 2020; Feder et al. 2012; Lowry et al. 2008a; Rieseberg
and Blackman 2010; Schluter and Rieseberg 2022; Strasburg
et al. 2012). One way to identify mechanisms underlying the
evolution of reproductive isolation is through signatures left in
the genome (Feder et al. 2012; Nosil et al. 2009a; Schluter 2009;
Strasburg et al. 2012). When reproductive isolation is devel-
oping amidst ongoing gene flow, as in the early stages of eco-
logical speciation where species diverge as a consequence of
natural selection among contrasting environments, loci that
are under selection will become more differentiated between

two populations than other genomic regions (Feder et al. 2012).
As speciation proceeds, variants linked to those regions under
selection diverge, eventually leading to differentiation through-
out the genome. Analysis of the functions of these divergent re-
gions of the genome can be complemented with phenotypic data
where both populations are grown in a common environment.
Using genotype—phenotype associations, differentiated loci can
be linked to variance in reproductive or fitness-associated traits.
As reproductive-aged common gardens are uncommon for long-
lived species, our understanding of reproductive barriers and
their genomic underpinnings in trees is limited.

To evaluate the genomic and fitness consequences of interpop-
ulation gene flow, we took advantage of a 10-year-old common
garden with Torrey pine (Pinus torreyana Parry), established in
2007 by the USDA-Forest Service Pacific Southwest Research
Station, which includes reproductive-aged trees of both parental
populations and their F1 hybrids. Torrey pine is one of the rarest
pines in the world, with only two native populations remain-
ing (Di Santo et al. 2022). Separated by approximately 280km
(170 miles), the island population native to Santa Rosa Island,
one of the Channel Islands, experiences cooler temperatures
and greater precipitation on average than the mainland popula-
tion located at the Torrey Pine State Natural Reserve in La Jolla,
California (e.g., mean temperature of the driest quarter is 16.7°C
at the island population and 18.9°C at the mainland population;
precipitation of the warmest quarter is 17 mm at the island pop-
ulation and 12mm at the mainland population, Appendices S1
and S2). When grown in a common environment, the two pop-
ulations exhibit differences in growth, cone, and needle mor-
phology consistent with adaptation to their native environments
(Hamilton et al. 2017), but also exhibit relatively low genetic
differentiation (Fy;=0.0129) and some evidence of ongoing
gene flow (Di Santo et al. 2022). In an open-pollinated common
garden including mainland and island trees, the only F1s pro-
duced were from island maternal trees fertilized by mainland
pollen, with no F1s observed between mainland maternal trees
fertilized by island pollen (Hamilton et al. 2017). Asymmetric
crossing barriers can be evidence of cytonuclear incompatibili-
ties, or maternal incompatibility such as pollen-pistil or pollen-
nucellus interactions (Case et al. 2016; Fernando et al. 2005;
Tiffin et al. 2001; Turelli and Moyle 2007) and may be a sign that
reproductive barriers between the two populations have already
begun to evolve (Barnard-Kubow et al. 2016). Furthermore, fit-
ness metrics measured after 10years in the mainland common
garden environment partly reflect the influence of selection at
earlier life stages, so the effect of extrinsic postzygotic isolation
may be detected at genetic loci associated with phenotypes.
Thus, Torrey pine is an ideal system for investigating the early
stages of reproductive isolation arising from extrinsic or intrin-
sic barriers between two geographically separated populations
occurring in contrasting environments.

Understanding the nature of the divergence between Torrey
pine populations will inform the species’ management. Both
populations exhibit exceedingly low genetic diversity, particu-
larly for a conifer (Di Santo et al. 2022; Farjon 2013; Ledig and
Conkle 1983), and F1 hybrids between the two populations
appear to have higher fitness proxies than the parental popu-
lations, suggesting genetic rescue may be beneficial (Hamilton
et al. 2017). However, increased F1 fitness may be the result of
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heterosis, in which excess homozygosity of deleterious recessive
alleles is reduced (Tallmon et al. 2004; van de Kerk et al. 2019;
Williams and Savolainen 1996). Given this, it is unclear whether
increased hybrid fitness would persist in future generations of
hybrids backcrossed with either parental population. If the pa-
rental populations have evolved partial reproductive isolation
as aresult of ecological speciation, F2s and backcrossed individ-
uals with incompatible alleles may ultimately have lower fitness
despite heterosis in F1s, limiting the value of interpopulation
genetic rescue (Christie et al. 2022; Walter et al. 2020). Testing
for evidence of reproductive isolation is an important first step
to understanding the potential effect of genetic rescue for this
species.

In this paper, we investigate whether there is evidence for in-
cipient ecological speciation between Torrey pine populations
by testing whether loci with reduced admixture in F1 hybrids
are associated with fitness-related phenotypic differences. We
address three main questions: (1) Are there genomic signatures
of reduced admixture between the two Torrey pine populations?
(2) If so, are alleles with reduced admixture linked to pheno-
types or functions that indicate they may be involved in local
adaptation and underlie extrinsic postzygotic isolation? (3)
What are the implications for conservation of this endangered
species—would genetic rescue be beneficial or should these two
populations be managed as separate taxonomic groups?

2 | Methods
2.1 | Multigenerational Common Garden

Prior to 1960, two plots of 20 mainland and 20 island Torrey
pine trees were established adjacent to each other at the USDA
Horticultural Field Station (now the Scripps Institute) in La Jolla,
CA (Haller 1967; Hamilton et al. 2017). In 2004, open-pollinated
cones from 10 mainland and 16 island trees were sampled in the
plots, yielding a total of 643 seeds. In 2006, seeds were planted
and grown in a greenhouse at the USDA-Forest Service Pacific
Southwest Station, Institute of Forest Genetics, Placerville, CA.
As seedlings emerged, one cotyledon was clipped from each
plant for genetic analyses and identification of seedlings’' an-
cestry (island, mainland, or F1 hybrid) using two population-
specific allozyme markers (Ledig and Conkle 1983). Of the 643
seeds planted, 128 were genetically confirmed as being of pure
mainland ancestry, 134 were identified as being of pure island
ancestry, and 381 were identified as mixed ancestry (F1 hybrids)
(Ledig and Conkle 1983; Hamilton et al. 2017). These F1 hybrids
solely reflected crossings of island females with mainland pollen
donors, indicating hybrids were the product of unidirectional
gene flow between parental populations.

In 2007, a subset of 360 seedlings representing each ancestry
(n=120 each of island, mainland, and F1 hybrids) was planted
following a randomized complete block design with six replicate
blocks at the common garden site in Montecito, CA (34.42963,
—119.56396). Each of the 360 trees planted was measured for
four quantitative traits once a year (Appendix S3), including tree
height in cm (measured between 2008 and 2018), the number of
conelets or first-year cones produced (measured between 2013
and 2018), the number of immature cones or second-year cones

produced (measured between 2015 and 2018), and the number of
mature or third-year cones produced (measured between 2015
and 2018). These traits were selected as they provide multiple
proxies of fitness, incorporating both growth and reproductive
output needed to examine the impact of interpopulation gene
flow on Torrey pine fitness (see below). Given that selection
likely acts on each reproductive stage and there was limited cor-
relation across traits over time (see below), we analyzed each
cone production trait separately using all available years. For
full details about the common garden experiment, see Hamilton
et al. (2017).

To evaluate whether the measured traits may respond to selec-
tion, we estimated narrow-sense heritability for each trait. We
estimated narrow-sense heritability in R using the function
marker_h2 from the package heritability (version 1.4, Kruijer
and Kooke 2023), which estimates restricted maximum likeli-
hood estimates of genetic and residual variance contributing to
variance in the phenotypic data. We estimated variance result-
ing from genetic relatedness among individuals using the ge-
netic relatedness matrix (GRM), described below, and included
year of measurement and block as covariates.

Adaptation to climate differences between population localities
may contribute to extrinsic reproductive barriers. To evaluate
the effect of the climate at the common garden environment
on the fitness of parental and F1 individuals, we compared cli-
matic variables from the two native Torrey pine populations
and the common garden site. We extracted data from climate
rasters from BioClim version 2.1 for the years 1970-2000 at 30s
resolution (Fick and Hijmans 2017) using the R package terra,
version 1.7.71 (Hijmans 2024) in R 4.3.2 (R Core Team 2023).
The common garden site is a novel environment compared to
either native site and is more similar to the island site along PC1
(Appendix S2). However, because the island site generally ex-
periences more moderate conditions (lower temperatures and
more precipitation during the warmest quarter, Appendix S1
and S2) and because the severity of the summer drought is the
primary stressor in Mediterranean climates and is likely to be a
more important factor in adaptation (Granda et al. 2014; Nardini
et al. 2014; Riordan et al. 2016; DeSilva and Dodd 2020), we con-
sidered the common garden site to be more similar to the native
mainland site.

2.2 | DNA Extraction and Reduced Representation
Sequencing

During the summer of 2016, needle tissue was collected from the
262 individuals surviving of the 360 seedlings originally planted
within the common garden (Hamilton et al. 2017), including 89
pure mainland, 88 pure island, and 85 F1 hybrid trees. Following
collection, needles were dried and maintained on silica gel until
genomic DNA could be extracted using approximately 20-35mg
of dried needle tissue based on a modified version of the CTAB
protocol (Doyle and Doyle 1987). In this modified version, rough
mixing (e.g., vortex) was replaced with slow manual shaking of
samples to reduce DNA shearing. The concentration and purity
of extracted DNA were evaluated for each sample separately
using a NanoDrop 1000 Spectrophotometer (Thermo Scientific).
Overall, purity ratios averaged 1.86 and 2.21 for 260/280 and
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260/230 respectively, with concentrations of DNA ranging from
153.78 to 4463.31ng/uL (average=1138.41ng/uL). Following
extraction, DNA concentration was standardized to 85ng/uL
for all 262 samples, and reduced-representation sequencing li-
braries were prepared using the protocol described in Di Santo
et al. (2022). Once constructed, all libraries were pooled and
sent to the Genomic Sequencing and Analysis Facility (GSAF;
Austin, TX) for single-end sequencing (1 x100bp) on 5 lanes of
an Illumina HiSeq 2500. Prior to sequencing, the pooled library
was size-selected for fragments within the range of 450-500 bp.

2.3 | Reference-Guided Assembly and Calling
of Genetic Variants

Raw sequenced libraries were demultiplexed using ipyrad ver-
sion 0.9.12 (Eaton and Overcast 2020). To reduce the proba-
bility of assigning a read to the wrong individual, ipyrad was
parameterized to allow only a single mismatch in the barcode
sequence. Raw reads were subsequently filtered for quality
using dDocent version 2.8.13 (Puritz et al. 2014a, 2014b). Within
dDocent, using fastp (Chen et al. 2018), base pairs with PHRED
score below 20 at the beginning and end of reads and Illumina
adapter sequences were removed, and reads were trimmed
once the average PHRED score dropped below 15. Lastly, reads
where more than 50% of base pairs had a PHRED score below 15
were discarded. Cleaned reads were mapped to the Pinus taeda
(loblolly pine) draft genome version 2.0 (GenBank accession:
GCA_000404065.3) using the BWA-MEM algorithm (Li 2013)
with default values, except for the mismatch penalty (-B, default:
4) and the gap open penalty (-O, default: 6), which were relaxed
to 3 and 5, respectively, to account for additional genomic dif-
ferences that may have evolved between Torrey pine and closely
related loblolly pine. Genetic variants were called from sequence
alignments using the SAMtools and BCFtools pipeline (Li 2011).
Specifically, we used the multiallelic and rare-variant calling
model (-m) with no prior expectation on the substitution rate
(--prior 0). In total, the pipeline identified 44,493,992 genetic
variants, including single-nucleotide (SNP) and insertion/dele-
tion (INDEL) polymorphisms, that were subjected to quality fil-
tering. First, SNPs and indels with a genotype quality (GQ) <20
and a genotype depth (DP)<3 were marked as missing. Next,
SNPs and indels with PHRED scores <20 (QUAL), minor allele
counts (MAC) < 3, minor allele frequencies (MAF) <0.01, geno-
typing rates across individuals <0.8, and average depth across
individuals >23 (based on the equation from Li 2014) were fil-
tered out of the raw data. Finally, indels and multiallelic SNPs
were removed from the dataset, inbreeding coefficients (F )
were summarized across ancestry groups using the basic. stats()
function implemented within the R package hierfstat version
0.5.10 (Goudet and Jombart 2021), and only biallelic SNPs with
F |4 values >—0.5 or 0.5 were kept. This last filter was applied
to account for the large and highly repetitive nature of pine
genomes (Grotkopp et al. 2004; Stevens et al. 2016), where pa-
ralogous sequences may be misaligned, potentially leading to er-
roneously called genotypes during SNP calling. Removing SNPs
with highly positive or negative F ¢ values may help reduce the
proportion of erroneously called genotypes due to the clustering
of divergent (negative F¢) or similar (positive F;) paralogous
sequences. Of the initial 262 genotyped individuals, 53 were re-
moved from subsequent analyses as they exhibited greater than

50% missing values. In total, 11,379 biallelic SNPs across 209
individuals, including 68 pure island, 75 pure mainland, and 66
F1 hybrid individuals were identified and used for analysis.

2.4 | Parental Population Hybridization
Simulations

To evaluate whether barriers to gene flow may have evolved
between Torrey pine populations, we quantified genome-wide
admixture in F1 hybrids, measured as locus-specific observed
heterozygosity (H,), specifically searching for SNPs with re-
duced heterozygosity. Loci with reduced heterozygosity relative
to null expectations could indicate incompatibilities between is-
land and mainland alleles that result in negative fitness effects,
decreasing the number of surviving heterozygous individuals. A
deficit of heterozygous individuals could occur from incompat-
ibilities at any developmental stage, including prezygotic barri-
ers, failed development of embryos or seedlings, or mortality in
the common garden environment during the 10years prior to ge-
netic sampling. Therefore, we take reduced-heterozygosity loci
as evidence of reproductive barriers, but we are unable to deter-
mine the developmental stage they act on or fully distinguish be-
tween intrinsic and extrinsic barriers here. Using a customized
R script (R version 4.1.3) relying on R packages adegenet version
2.1.5 (Jombart 2008; Jombart and Ahmed 2011) and hierfstat,
we simulated the distribution of H, values for each of the 11,379
SNPs expected in the F1 hybrids under the null hypothesis that
H,, at any locus would be based on the frequency of alleles in the
island and mainland populations. To do so, we used a two-step
approach within the function hybridize() that simulates hybrid-
ization between two populations. First, allele frequencies are de-
rived from genotypes specific to each parental population. Then,
hybrid genotypes are generated by sampling gametes in each of
these populations using a multinomial probability distribution.
SNP-specific null distributions were produced by repeating this
process 1000 times, estimating locus-specific H, each time from
simulated hybrid genotypes using the function basic.stats(). To
mirror the empirical SNP data set, we simulated 11,379 geno-
types for 66 F1 hybrids within each iteration, using allele fre-
quencies derived from 68 and 75 pure island and pure mainland
individuals, respectively.

To identify SNPs that may exhibit reduced heterozygosity in
F1s relative to expectation, we compared simulated null H,
distributions (expected H,) with H, values estimated from
empirical F1 hybrid genotypes (observed H). For each locus,
we computed a one-sided p-value, defined as the probability
that an expected H, value is equal to or lower than the ob-
served H, value at this locus. All p-values were corrected for
multiple testing using Benjamini and Hochberg's (1995) False
Discovery Rate (FDR) procedure implemented within the R
function p.adjust(). SNPs that exhibited significantly reduced
heterozygosity relative to expectation based on parental allele
frequencies (FDR <0.1) were classified as potential candidate
regions of the genome associated with the evolution of bar-
riers to gene flow between island and mainland populations
of Torrey pine. Finally, to provide additional support to SNPs
identified as exhibiting reduced heterozygosity relative to neu-
tral expectation through simulations, we used the R package
introgress (Gompert and Buerkle 2010) to compute genomic
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clines and determine whether SNPs identified with simula-
tions also exhibit nonneutral patterns of introgression. For ac-
curacy, hybrid indices were estimated for all 209 individuals
and all 11,379 SNPs using the function est.h(), while genomic
clines were computed across all individuals only for loci identi-
fied as exhibiting reduced heterozygosity through simulations
using the genomic. clines() function. Significant deviation from
neutral patterns of introgression was determined using the
permutation test implemented within the function (1000 per-
mutations per locus). Similar as above, p values were corrected
for multiple testing using Benjamini and Hochberg's (1995)
FDR procedure implemented within the R function p.adjust(),
and SNPs with FDR < 0.1 were considered as significantly de-
viating from neutral patterns of introgression.

2.5 | Functional Plant Ontology (PO) and Gene
Ontology (GO) Annotation

SNPs exhibiting reduced heterozygosity relative to expecta-
tions were functionally annotated to determine whether their
functions, processes, or anatomical and temporal expressions
may be important to Torrey pine fitness using blastx 2.9.0+
(Altschul et al. 1990, 1997; Camacho et al. 2009) and a com-
bination of customized R scripts. First, a region of 5000bps
(5kbps) from Pinus taeda draft genome version 2.0 (GenBank
accession: GCA_000404065.3) was extracted 2500bps before
and after each target locus using samtools (Li et al. 2009).
If a SNP was within the first 2500bp of a scaffold, the first
5000bps were extracted. If a scaffold harboring a SNP was
shorter than 5kbps, the whole scaffold length was used in-
stead. Extracted sequences were then blasted against the
TAIR10 peptide blastset (TAIR10_pep_20101214_updated).
Homology between query and blasted sequences was assessed
using blastx default parameters, an expectation value thresh-
old of 1073 (-evalue 0.001), and a maximum number of database
hits of 5 (-max_target_seqs 5). Lastly, mapping of GO and PO
terms onto annotated sequences was performed in R using a
customized script and GO (ATH_GO_GOSLIM.txt.gz) as well
as PO (grow.txt.gz) annotations available online. All databases
mentioned throughout this section are available from https://
www.arabidopsis.org/download/. While neither conifer- nor
pine-specific, the TAIR database provides a more exhaustive
set of GO and PO annotations to associate with reduced admix-
ture than is available for conifers. This database remains the
most complete with respect to plant gene functions and shares
orthologous and homologous sequences with pine that will aid
in determining functional categories critical to plant fitness
(e.g., Eckert et al. 2010). Functional gene annotation is lim-
ited for conifers, particularly for genes involved in reproduc-
tion and development (De La Torre et al. 2020). Furthermore,
some genes involved in flowering in angiosperms pre-date
their divergence with gymnosperms (Moyroud et al. 2017; Liu
et al. 2018; De La Torre et al. 2020). However, because of the
evolutionary distance between Arabidopsis and Torrey pine,
the annotations will be best understood within broad func-
tional categorizations.

Following the same procedure as above, we also annotated
5kb regions around 500 randomly selected SNPs of the total
11,379 called to investigate whether the set of candidate loci

for reproductive isolation was enriched or depleted for specific
functions or processes using Fisher's exact test for count data as
implemented in the R function fisher.test(). For each annotation
(GO or PO), we constructed a two-by-two contingency table re-
cording the number of successes (the number of times an anno-
tation was observed) and failures (the sum of successes across all
annotations minus the number of successes for the annotation of
interest) in the candidate and the random set of loci, and tested
the null hypothesis of independence of rows (candidate, random)
and columns (success, failure). When an annotation was absent
from one of the sets of loci, we considered the number of suc-
cesses associated with that annotation and set of loci to be zero.
Resulting p-values were corrected for multiple testing within
each annotation data set (GO or PO) and category within anno-
tation data sets (for GO: biological process, molecular function,
and cellular component) using Benjamini and Hochberg's (1995)
FDR procedure implemented within the R function p.adjust().
We assumed an annotation to be either enriched or depleted
within a particular set of loci when the FDR associated with the
odds ratio for that annotation was inferior to 10% (FDR <0.1).

2.6 | Correlation Analysis Between Measured
Phenotypes

To limit redundancy across traits and ensure each phenotype
largely reflects unique inter-individual variation, we conducted
a repeated measures correlation analysis in R based on tempo-
ral measurements taken on all 209 samples using the package
rmcorr (Bakdash and Marusich 2022). Significance of estimated
correlation coefficients was evaluated considering a threshold
a=0.05. A correlogram with correlations between all pairs of
phenotypes was generated using the R package corrplot (Wei
and Simko 2021) and is shown in Appendix S4. While some
correlation coefficients were significant, no phenotypes were
highly correlated (r>0.6). Consequently, all four temporally as-
sessed traits—tree height in cm, the number of conelets (first-
year cones), the number of immature cones (second-year cones),
and the number of mature cones (third-year cones) produced—
were kept for subsequent analyses.

2.7 | Genome-Wide Association Analysis (GWAS)

To assess whether genotypic variation at selected SNPs may
be associated with variability in phenotypes measured across
all available years data (Appendix S3), we conducted a re-
peated measures genome-wide association analysis based on
all 209 samples and 11,379 genetic variants using the R pack-
age RepeatABEL (Ronnegérd et al. 2016). For each trait, the
function preFitModel() was used to fit a linear mixed model
to the data without including SNP effects to estimate vari-
ance components for the trait, including a random polygenic
effect (based on a genetic relationship matrix, Appendix S5)
and a random permanent environmental effect. Including
these effects (computed and assessed internally within the
function) accounted for genetic relatedness among individ-
uals (random polygenic effect) and non-genetic, individual-
specific environmental influences permanently contributing
to an individual's trait across years (random permanent en-
vironmental effect). In addition, “block” (spatial position of a
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sample within the common garden) and “year” were consid-
ered as random variables within the model. Following this,
we used the function rGLS(), fitting a generalized least square
model to each genetic marker given a covariance matrix (es-
timated using preFitModel), to test for associations between
SNPs (considered as fixed effects) and phenotypes while cor-
recting for the effect of random variables. Lastly, SNP-specific
p-values were corrected for multiple testing using Benjamini
and Hochberg's (1995) FDR procedure implemented within
the R function p.adjust(). Of the 11,379 SNPs tested for associ-
ation with each of the four phenotypic traits, only those with
FDR <0.1 were considered potential candidate markers un-
derlying genotype-phenotype association.

2.8 | Evaluating Fitness Consequences Following
Interpopulation Genetic Mixing

One locus was identified that exhibited both lower F1 heterozy-
gosity than expected under a neutral model and was statistically
associated with one or more of the four fitness or fitness-related
phenotypes (hereafter referred to as the shared locus; see
Section 3). To suggest whether this locus could be a potential
candidate associated with extrinsic reproductive isolation be-
tween Torrey pine populations, we required that (1) genotype
frequencies for the locus would be biased by population, with
each population favoring a different homozygous genotype, and
(2) individuals with non-local or admixed genotypes would ex-
hibit reduced fitness relative to individuals with the more local
genotype. As the common garden was planted in Montecito near
Santa Barbara, CA, we considered mainland trees as local and
island trees as non-local. To determine whether the frequency
of homozygous genotypes (i.e., 0/0 and 1/1) statistically differed
between parental ancestries, we counted genotype occurrences
across pure island and pure mainland individuals and con-
ducted a Pearson's Chi-squared test with Yates' continuity cor-
rection as implemented in the function chisq.test() in R for the
resulting contingency table.

A linear mixed model and expected marginal means ap-
proach was used to evaluate whether average phenotypes
statistically differed among genotypes by leveraging R pack-
ages Ime4 (Bates et al. 2015) and emmeans (Lenth 2023). For
each trait, we built a model where phenotypic variation was
explained by the fixed effect of individuals' genotypes at the
shared locus, the fixed effect of among-individual genetic rela-
tionships, the random effect of blocks assigned to individuals
within the common garden, the random effect of the year the
phenotypes were measured, and the random effect of individu-
als themselves (to account for the repeated nature of response
variables). Genetic relationships among common garden indi-
viduals were estimated using a principal component analysis
implemented within the dudi.pca() function from the adegenet
R package. This analysis was performed on allele frequen-
cies of the full genomic data set (11,379 SNPs across 209 in-
dividuals), with missing values replaced by the average allele
frequencies across individuals. The first two principal compo-
nents were used in all four linear mixed models to summarize
genetic relationships among individuals, as these components
provide good proxies for among-population (PC1) and within-
population genetic structure (PC2) (Appendix S7).

The emmeans() function, computing expected marginal means,
was used for the assessment of phenotype average differences
among genotypes. Briefly, the function computes genotype-
specific trait averages and standard errors corrected for all ef-
fects included within linear mixed models. The function also
computes adjusted p-values estimated from t-ratios calculated
between all possible pairwise genotype comparisons. Ultimately,
we used this statistic to infer statistical differences in average
phenotypes for all traits measured between genotypes. For this
analysis, 175 of the total 209 Torrey pine trees present within the
full genomic data set were used, as genotypes at the shared locus
were missing for 34 individuals.

2.9 | Evaluating the Distribution of Genetic
Variation Across Torrey Pine Ancestries
and SNP Sets

The distribution of genetic diversity estimated as observed het-
erozygosity (H,) was compared among pure island, pure main-
land individuals, and F1 hybrids for the whole genomic dataset
(N=11,379 SNPs), SNPs significantly explaining variation in
fitness-related traits (N =12 SNPs), and SNPs exhibiting reduced
F1 heterozygosity relative to expectations (N =185 SNPs). In ad-
dition, for each ancestry separately, we quantified the number
of loci across the whole genomic dataset that were fixed. A locus
was considered fixed within an ancestry when all individuals of
that ancestry at that locus were homozygous for either the refer-
ence or alternate allele (0/0 or 1/1). H, and numbers of fixed loci
were both estimated in R. While H, was computed using the
basic stats() function implemented within the package hierfstat,
numbers of fixed loci were computed manually.

To determine whether differences in genetic diversity exist
among ancestries within SNP datasets, we performed three
Dunn's tests using the package dunn. test in R. This test is a non-
parametric equivalent of analyses of variance and post hoc tests,
as normality for estimated observed heterozygosities within an-
cestries and SNP sets, assessed either visually or using Shapiro-
Wilk normality test, could not be assumed. We accounted for
multiple testing by correcting p-values associated with each
comparison using Benjamini and Hochberg's (1995) FDR pro-
cedure. Two H, averages were considered significantly different
when the FDR dropped below 10% (FDR <0.1).

Finally, Fisher's exact test for count data as implemented
within the function fisher. test() in R was used to compare
the number of loci that are homozygous for either reference
or alternate alleles between mainland, island, and F1 indi-
viduals. We first leveraged a three by two contingency table
recording the number of successes (the number of fixed loci)
and the number of failures (the total number of loci minus the
number of fixed loci) across all three ancestries, testing the
null hypothesis of the independence of rows (island, main-
land, F1 hybrid) and columns (success, failure). In addition,
we used three two-by-two contingency tables of the number
of successes and failures (defined as above) to test the null hy-
pothesis of the independence of rows (F1 hybrid, island; F1
hybrid, mainland; island, mainland) and columns (success,
failure). The p-value associated with each pairwise compar-
ison was corrected for multiple testing using Benjamini and
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Hochberg's (1995) FDR procedure implemented within the R
function p.adjust(). We considered a difference to be signifi-
cant when the FDR dropped below 10% (FDR <0.1).

3 | Results
3.1 | Trait Heritability

Narrow-sense heritability varied among the four traits, with
the number of conelets having the highest heritability (0.377),
followed by height (0.28), number of mature cones (0.266) and
number of immature cones (0.133) (Appendix S5).

3.2 | SNPs Exhibiting Lower-Than-Expected F1
Heterozygosity and Their Functional Relevance

Comparison of simulated F1 hybrids between island and
mainland individuals for 11,379 SNPs using empirical allele
frequencies in each parental population revealed some loci
that exhibited a higher degree of homozygosity in the Fls
relative to the expectation. A comparison between observed
and simulated H estimates at each locus identified 185 SNPs
(FDR <0.1) with reduced F1 heterozygosity. Interestingly,
181 of the 185 reduced-heterozygosity SNPs (97.8%) identified
with parental population hybridization simulations also were
identified as deviating from neutral patterns of introgression
through genomic cline analysis, further supporting the non-
neutral behavior of these loci. Of the 184 5kb-long sequences
containing these SNPs (two SNPs were located on the same
segment), 75 (41%) could be annotated with the TAIR 10 pep-
tide blastset, with hits in 59 described A. thaliana genes.
Plant ontology terms could be retrieved for 37 (63%) of the 59
gene hits, while gene ontology terms were retrieved for all 59
gene hits.

Regions of the genome that exhibited reduced F1 heterozy-
gosity relative to expectation were associated with a variety
of plant developmental stages (Appendix S7). This includes
embryo development stages (e.g., C globular stage, D bilateral
stage, E expanded cotyledon stage, or F mature embryo stage),
vegetative development stages (e.g., 2-, 4-, 6-, 8-, 10-, 12-leaf
stages, or seedling development stage), and reproductive devel-
opment stages (e.g., 4 anthesis stage, petal differentiation and
expansion stage, M germinated pollen stage, or L mature pol-
len stage). Functionally, the majority of these loci are located
or active in the nucleus, with molecular functions including
protein binding, catalytic activity, RNA binding, as well as ki-
nase and transferase activities (Appendix S9A,B). Biological
processes associated with these molecular functions covered
responses to various stimuli and stresses, and plant develop-
ment (Appendix S9C). Enrichment analyses demonstrated
that while no PO terms were preferentially associated with
SNPs exhibiting lower heterozygosity than expected in the F1,
some GO terms were significantly enriched or depleted in the
latter SNP set (Figure 1, Appendix S10). Interestingly, assess-
ment of enriched GO terms indicated the products of genes
associated with these loci may be preferentially located in the
plasma membrane and involved in important developmen-
tal and reproductive processes, including cell growth, plant

growth, and pollination, with molecular functions associated
with signaling receptor activity.

3.3 | SNPs Exhibiting Statistical Association With
Fitness Traits and Their Proxies

Genome-wide association analysis indicated alleles at sev-
eral loci may play an important role in contributing to fitness
variation in Torrey pine. In total, 12 SNPs were significantly
associated (FDR <0.1) with variation in phenotypes (Table 1).
While 8 (67%) of the 12 SNPs were associated with a sin-
gle trait, the remaining 4 were associated with two or more
traits. Phenotypic values of these traits all increased with the
number of alternate alleles at associated SNPs except for one,
locus_8778 [APFE031129984.1:16200] (Table 1), where they
decreased. Interestingly, comparing SNPs associated with fit-
ness and fitness-related traits with SNPs exhibiting low-level
F1 heterozygosity identified one common locus (locus_4218
[APFE030529380.1:392010]). This locus, in addition to exhibit-
ing a reduced degree of F1 heterozygosity (Appendix S11), was
also the only locus that significantly explained phenotypic vari-
ation across all four traits measured (Table 1). Unfortunately,
functional annotations for the 5kbps region surrounding this
locus were limited. While this region may have functions asso-
ciated with the mitochondrion (GO:0005739), nothing is known
about its molecular function or the biological process it might
be involved in. The existence of heterozygotes suggests it is not
present in the haploid mitochondrial genome, but may be a nu-
clear paralog of a mitochondrial gene.

3.4 | Fitness Consequences of Hybridization
at a Locus Exhibiting Reduced Admixture
and Significant Genotype-Phenotype Association

The chi-squared test performed on homozygous genotype
counts for locus_4218 [APFE030529380.1:392010] demon-
strated unequal distribution of homozygous genotypes between
pure parental ancestries (y;=104.1, p<0.001, Appendix S11).
Homozygotes for the reference allele (0/0) were dominant
among pure island individuals (94% of all genotypes) with only
two individuals being homozygous for the alternate allele and
one being heterozygous, while homozygotes for the alternate
allele (1/1) formed the core of pure mainland individuals (97%
of all genotypes), with only 2 of 69 mainland individuals being
heterozygous. Given this result, we considered the reference
allele (0) as the island allele, and the alternate allele (1) as the
mainland allele.

The evaluation of expected marginal means (phenotype av-
erages corrected for within- and among-ancestry genetic
structure, blocks within the common garden, year of trait mea-
surements, and sample ID) revealed unequal fitness across
reference, alternate, and heterozygous genotypes. For three
out of the four phenotypic traits, individuals homozygous for
the island allele exhibited reduced fitness, while individuals
homozygous for the mainland allele exhibited greater fitness,
with heterozygous genotypes intermediate between the two
(Figure 2; Appendix S12). These traits included tree height, the
number of conelets produced, and the number of mature cones
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FIGURE 1 | Haldane-Anscombe-corrected log-transformed odd ratios + standard error (x axis) for significantly (FDR <0.1) enriched (positive
values) and depleted (negative values) GO terms (y axis) for the set of alleles with reduced F1 heterozygosity, including cellular component (CC,
black), molecular function (MF, dark gray), and biological process (BP, light gray) terms. Here, we present Haldane-Anscombe-corrected estimates
of log-transform odd ratios as the presence of zero success probabilities within the data would otherwise lead to nonsensical estimates of odd ratios

(see Appendix S9 for details).

produced. For the number of immature cones produced, the
distribution of fitness among genotypes was slightly different.
Individuals homozygous for the island allele still exhibited the
lowest fitness, but the fitness of individuals homozygous for the
mainland allele and heterozygous individuals was the highest,
with no significant differences between groups. We consid-
ered the mainland allele (1) as the local, and the island allele
(0) as non-local because both the common garden site and the
mainland population experience warmer and drier summers
(Appendix S1). Our results thus indicate that carrying at least
one copy of the local allele increased tree fitness, with a direct
additive relationship based on the dosage of the mainland allele
to fitness for tree height (cm), the number of conelets produced,
and the number of mature cones produced (Figure 2).

3.5 | Distribution of Genetic Variation Across
Island, Mainland, and F1 Hybrid Individuals

For the whole genomic dataset (N=11,379 SNPs), estimates of ob-
served heterozygosity were similar across ancestries (H,=0.229,
0.230, and 0.230 for F1 hybrid, island, and mainland individuals,
respectively; Figure 3). However, despite almost-identical average

observed heterozygosities, the number of loci homozygous for ei-
ther the reference or the alternate allele (1/1 or 0/0) varied signifi-
cantly among ancestries (Fisher's exact test, p<0.001), with island
and mainland individuals exhibiting four times a greater number
of fixed alleles than that estimated for F1 hybrids (Appendix S12).
Overall, 95.3% (614 out of 644) and 93.8% (648 out of 691) of alleles
fixed in the mainland and island populations, respectively, varied
in F1 hybrids. While these results may seem contradictory, they
can be explained by a proportionally higher number of loci with
extremely low heterozygosity in the F1s relative to island or main-
land individuals (Appendix S14).

Average observed heterozygosity estimated for loci exhibiting
reduced F1 heterozygosity for hybrids (0.159) was significantly
lower than that for island (0.230) and mainland (0.232) individ-
uals (Figure 3). If they were to contribute to extrinsic reproduc-
tive isolation, we would expect heterozygosity at these loci to
be low across all three ancestry groups, or at least lower in pa-
rental populations than F1s. This pattern would arise due to di-
vergent selection promoting fixation of distinct alleles between
island and mainland populations. Additionally, we would ex-
pect high genetic differentiation between parental populations
at these loci for the same reason. Likewise, if they contributed
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TABLE 1 | SNPs significantly associated with one or more phenotypes (FDR <0.1), including tree height (cm), number of conelets, number of
immature cones, and number of mature cones. Listed are generic SNP IDs given for this study, SNP IDs retrieved from Pinus taeda draft genome
(scaffold ID: Position on the scaffold), the trait(s) each SNP is associated with, the effect of increasing the number of alternate alleles on the associated

phenotype(s), and the FDR of the genotype—phenotype association.

Generic SNP ID SNP ID within P. taeda genome Phenotypic trait association Phenotypic effect FDR
locus_4218 APFE030529380.1:392010 Tree height (cm) + 0.047
Nb conelets + <0.001

Nb immature cones + 0.085

Nb mature cones + 0.037

locus_12498 APFE031619559.1:67487 Tree height (cm) + 0.047
locus_433 APFE030047412.1:104020 Nb conelets + 0.078
Nb mature cones + 0.057

locus_3004 APFE030371338.1:302521 Nb conelets + 0.078
locus_3676 APFE030458498.1:93076 Nb conelets + 0.024
locus_9630 APFE031249435.1:61968 Nb conelets + 0.011
Nb immature cones + 0.085

Nb mature cones + 0.027

locus_13093 APFE031688147.1:172170 Nb conelets + 0.072
Nb mature cones + 0.027

locus_1164 APFE030138697.1:151998 Nb mature cones + 0.032
locus_6624 APFE030828725.1:2769 Nb mature cones + 0.027
locus_8019 APFE031020621.1:50406 Nb mature cones + 0.053
locus_8778 APFE031129984.1:16200 Nb mature cones - 0.057
locus_10668 APFE031380592.1:30882 Nb mature cones + 0.053

to intrinsic reproductive isolation, which acts independently
of the environment, heterozygosity would be reduced across
all three classes. While at least one locus exhibited the antic-
ipated pattern, locus_4218 (Fy4=0.933, Appendix S11), other
loci displayed low to moderate genetic differentiation between
island and mainland populations (Appendix S15), suggesting all
reduced-heterozygosity loci do not contribute to extrinsic repro-
ductive isolation.

For SNPs associated with fitness proxies, we observed exceed-
ingly low genetic variability (Figure 3), with average estimates
of heterozygosity for F1, island, and mainland individuals eval-
uated at 0.113, 0.066, and 0.071, respectively. These results
indicate that all three groups have reduced genetic variation
available for selection to act upon. However, F1 hybrids did
exhibit significantly greater heterozygosity for genetic variants
associated with fitness when compared to island individuals.
Finally, while elevated genetic differentiation between paren-
tal populations is expected if a locus has been under divergent
selection, we found that except for locus_4218, other loci con-
tributing to phenotypic variation only were slightly to interme-
diately differentiated (Appendix S15), suggesting not all SNPs
associated with trait variation contribute to local adaptation and
extrinsic reproductive isolation.

4 | Discussion

Local adaptation is common in tree species (Savolainen
et al. 2007; Lind et al. 2017, 2018; Gugger et al. 2021), but it
is unclear when and how population differentiation may drive
the evolution of reproductive isolation. Understanding whether
reproductive isolation has developed between two populations
is needed to inform species management, particularly where
intra-specific gene flow may be a beneficial source of genetic
variation or may be a hindrance, leading to outbreeding depres-
sion. In Torrey pine, previous work has shown that the island
and mainland populations are genetically and phenotypically
different despite some recurrent gene flow, consistent with ad-
aptation to differing environments (Hamilton et al. 2017; Di
Santo et al. 2022). Furthermore, asymmetric gene flow between
populations when grown together provides some evidence for
the evolution of reproductive isolation (Hamilton et al. 2017).
Together, this suggests that the two Torrey pine populations
could be at an early stage of speciation. Here, we tested for
further evidence of the evolution of reproductive isolation by
identifying loci exhibiting less heterozygosity in F1 hybrids
than expected given allele frequencies in parental populations,
suggesting selection against heterozygotes during development
or within the mainland common garden environment over
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FIGURE 2 | Expected Marginal Means (EMM) =+ standard error of all four phenotypes investigated (y axis) given the genotype (x axis) of island,
mainland, and hybrid individuals at locus_4218. Phenotypes measured include tree height (cm), number of conelets, number of immature cones, and
number of mature cones. Sample sizes are 47, 5, and 123 individuals with genotype 0/0, 0/1, and 1/1, respectively. Distinct bolded lowercase letters
indicate significant differences in phenotypes (adjusted p <0.05) among genotypes (see Appendix S11 for details). Based on genotype frequencies (see
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FIGURE3 | Distribution of observed heterozygosity estimates across ancestries (F1 hybrid, Island, and Mainland) for three SNP sets (All, GWAS,
and Low). Distinct lowercase letters indicate a significant difference in observed heterozygosities (FDR <0.1) among ancestries (see Appendix S12 for
details). All: Data set containing all retained SNPs after filtering (11,379 SNPs across 209 individuals), GWAS: Data set containing SNPs exhibiting
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relative to expectations (185 SNPs across 209 individuals).
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10years. One locus that was highly diverged among popula-
tions and showed signatures of selection against F1 hybrids
was associated with fitness differences in the common garden
and could be a candidate locus for ecologically driven repro-
ductive isolation between island and mainland Torrey pine
populations. Overall, loci with low heterozygosity in F1 hy-
brids were enriched for functions important in reproduction,
such as growth and pollination, suggesting these could be the
mechanisms underlying the evolution of reproductive isolation
between the two populations.

While demographic modeling has provided evidence for his-
toric speciation with gene flow in pines (Menon et al. 2018;
Bolte et al. 2022), the specific molecular mechanisms underly-
ing reproductive isolation in conifers are not well understood
(Bolte and Eckert 2020). We identified loci that may be involved
in the evolution of reproductive isolation between two popula-
tions, including pollination- and growth-related genes, and one
locus associated with fitness differences in the common gar-
den consistent with local adaptation to the mainland climate.
In combination with asymmetric gene flow, this suggests that
both intrinsic and extrinsic barriers could be contributing to re-
productive isolation in Torrey pine. These results thus identify
potential molecular mechanisms underlying the process of re-
productive isolation in a critically endangered pine and suggest
that differential adaptation could be a driving force, which is
critical information required for informed conservation man-
agement of the species.

4.1 | One Locus Shows Patterns Suggestive
of Extrinsic Postzygotic Reproductive Isolation

We identified a locus that is divergent between the two
populations and is also associated with fitness differences
(locus_4218 [APFE030529380.1:392010]). Individuals with
the alternate “mainland” variant of this locus had higher
growth and reproduction in the mainland common garden
than individuals homozygous for the reference “island” allele,
consistent with local adaptation to the hotter, drier environ-
ments shared by the mainland population and the common
garden environment (Appendices S1 and S2). Torrey pine is
likely a relictual endemic species that once had a larger range
and became restricted to coastal climates as climate became
warmer and drier (Axelrod 1967; Williams et al. 2008), and
thus the island population may inhabit a climate more sim-
ilar to the ancestral climate of the species. Demographic
modeling suggests that the two modern-day Torrey pine pop-
ulations formed after an ancestral population split, forming
a slightly larger island population (N,=2305) and a smaller
mainland population (N,=1715) approximately 1.2 million
years ago, with gene flow occurring following divergence (Di
Santo et al. 2022). It is possible that the mainland population
has undergone additional evolutionary change following di-
vergence to adapt to the combined stresses of warm and drier
summers associated with the mainland environment, and that
this locus is a candidate for local adaptation and divergence of
the mainland population. The differentiation between popu-
lations for this allele could result from differential selection if
heterozygous hybrids have lower fitness in both natural pop-
ulations relative to individuals that are homozygous for the

local variant. If this locus experiences differential selection
between the two Torrey pine populations, it could contribute
to reproductive isolation. While our results suggest that the al-
ternate allele at this locus may be beneficial in the hotter, drier
summers experienced by mainland environments relative to
the island population (Appendix S1), a reciprocal transplant
of the two populations and their F1 hybrids would be required
to determine whether the non-local variant decreases fitness
in both natural populations.

Reduced average heterozygosity at this locus in approximately
10-year-old F1 hybrids (0.028 compared to a neutral expecta-
tion of 0.936) suggests selection against heterozygotes with
one copy of the island and one copy of the mainland allele, or
that this locus is linked to or interacts with such a gene under
selection. Reduced heterozygosity could result from intrinsic
prezygotic or postzygotic barriers (e.g., incompatibilities af-
fecting pollination, germination, or development of seedlings),
extrinsic environmental selection in the common garden in the
following 10years, or both. In the common garden, heterozy-
gotes were intermediate in fitness metrics between island ho-
mozygotes with lower fitness and mainland homozygotes with
higher fitness (although only the number of immature cones
was significantly different between island homozygotes and
heterozygotes, Figure 2). Our evidence suggests that selection
against heterozygotes occurred at early developmental stages,
reducing the expected number of heterozygous individuals,
and also that the surviving heterozygous individuals in the
common garden had intermediate fitness across multiple years
of growth and reproduction measurements. This may seem
contradictory, but it could indicate that this allele has different
fitness effects at different developmental stages, or that pleio-
tropic interactions with other alleles result in selection against
heterozygotes only at certain developmental stages or in com-
bination with specific variants of other alleles.

While there is limited functional annotation for genomic re-
gions proximal to this locus, it does have the annotation “mito-
chondrion” (GO:0005739). However, as F1 hybrids resulted from
unidirectional reproduction between island females and main-
land pollen donors, and given the observation that a vast ma-
jority of F1s exhibit the homozygous genotypes for the paternal
mainland allele (Appendix S11), the locus is likely not encoded
in the mitochondrion, which is maternally inherited in coni-
fers. Instead, the “mitochondrion” annotation may arise from
ancient paralogy between nuclear and mitochondrial genomes.
Alternatively, the locus could be part of a nuclear mitochondrial
gene present in the nucleus following mito-nuclear gene transfer,
with its product interacting with mitochondria. Consequently,
the locus could be involved in cytoplasmic incompatibility be-
tween the maternally-inherited mitochondrion and nuclear
paternal genes (such as those involved in pollen tube growth)
(Turelli and Moyle 2007; Rieseberg and Blackman 2010), or with
the chloroplast, which is paternally inherited in pines (Neale
and Sederoff 1989; Mogensen 1996).

Local adaptation is generally polygenic in forest trees (Yeaman
et al. 2016; MacLachlan et al. 2021), suggesting ecological spe-
ciation may also have a broad genetic basis (Rose et al. 2018;
Schluter and Rieseberg 2022). However, we only find one
locus showing evidence consistent with ecological speciation.
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Because we used ddRADseq data and only sampled a fraction of
the genome of Torrey pine, it is likely that other loci underlying
reproductive isolation and local adaptation exist, but were not
captured in this study. Nonetheless, the fact that we identified
a locus linked to both reproductive isolation and fitness despite
this limitation suggests that the pattern may be more preva-
lent throughout the genome and could be better assessed using
whole-genome sequence data.

4.2 | Functions of Genes Exhibiting Reduced
Heterozygosity

If loci exhibiting reduced heterozygosity in Fls are “speciation
genes” underlying hybrid incompatibilities, differential adapta-
tion, or both (or linked to involved genes), they should be enriched
for related functions (Rieseberg and Blackman 2010; Wright
et al. 2013; Walter et al. 2020; Schluter and Rieseberg 2022).
Incompatibilities related to pollination or embryo development
can influence the evolution of intrinsic barriers, while environ-
mental selection can influence the evolution of extrinsic barriers.
Categorizing barriers as solely intrinsic or extrinsic may not re-
flect scenarios in which both contribute through the interaction
of multiple loci (Kulmuni and Westram 2017); however, identify-
ing functional categories associated with loci exhibiting reduced
heterozygosity can help identify at which developmental stage
barriers may be acting and what processes may be driving them.

We found that highly differentiated loci were located near
genes that were enriched for a wide range of functions
(Figure 1, Appendix S9). Similar to previous studies, enriched
functions included those related to pollination and develop-
ment (“growth”, “pollination”, “cell growth”) (Rieseberg and
Blackman 2010; Leroy et al. 2020). These regions may be
involved in intrinsic reproductive barriers, such as pollina-
tion incompatibilities associated with female cones or failed
embryo development post-fertilization (McWilliam 1959;
Fernando et al. 2005). Other enriched functions include
“plasma membrane”, “signaling receptor activity”, or “protein
metabolic process”. Given these broad categorizations it is dif-
ficult to determine whether these genes could be involved in
adaptation to contrasting environments, particularly as only
one differentiated gene was associated with fitness differences
in the common garden. Previously, island seedlings were
found to germinate later and have a reduced growth rate rela-
tive to mainland seedlings (Hamilton et al. 2017). The enrich-
ment of loci with the “growth” and “cell growth” GO terms
may be related to the evolution of differential growth rates be-
tween parental populations. For example, higher growth rates
and earlier cone production in the mainland population could
be an adaptation to higher fire frequency (Carroll et al. 1987,
Hardiman et al. 2016; Schwilk and Ackerly 2001) or lower
growth rates in the island population could be an adaptation
to lower resource availability (Hamilton et al. 2017). However,
it is also possible that the enriched functions are associated
with fitness in traits or environmental conditions that were
not measured in the common garden. Because the loci with
reduced heterozygosity in F1 hybrids were investigated after
10years of growth in the garden, we cannot determine the
stage at which selection against heterozygotes occurred in

order to distinguish between intrinsic and extrinsic postzy-
gotic barriers. Crossing experiments and monitoring of hy-
brids produced between the two populations would provide a
more direct approach to determine the developmental stage at
which potential barriers act (Christie et al. 2022).

As a group, the identified reduced-heterozygosity loci were only
weakly differentiated among populations (Appendix S15) and
had significantly lower Ho only in the hybrid individuals and
not in the island or mainland individuals (Figure 3), in con-
trast to locus 4218. This pattern suggests that for the majority
of these loci, the negative fitness effects of heterozygosity are
dependent on the genomic background rather than the environ-
ment and could mean that these loci interact with genes that
are more strongly differentiated between island and mainland
populations or with the uniparentally inherited chloroplast or
mitochondrial genomes.

4.3 | Conservation Implications

Similar to previous studies, genome-wide estimates of hetero-
zygosity for the island and mainland populations were low (Di
Santo et al. 2022), suggesting a lack of evolutionary potential.
Additionally, we found in the present study exceedingly low di-
versity at loci putatively underlying trait variation in the species,
further supporting these results.

F1 hybrids between mainland and island populations exhibit
heterosis, with a higher growth rate and fecundity than either
parental population (Hamilton et al. 2017). The four-fold reduc-
tion in the number of fixed alleles when compared to pure island
and pure mainland Torrey pine trees, and the almost two-fold
increase in average heterozygosity at loci exhibiting significant
genotype—phenotype associations when compared to pure is-
land Torrey pine trees indicates that heterosis in F1 hybrids may
result from the masking of deleterious mutations. Furthermore,
the narrow-sense heritability for height and the three reproduc-
tive measures fell within the typical range values for growth
and reproductive traits in forest trees (Lind et al. 2017), sug-
gesting that the proportion of trait variance that could respond
to selection is not significantly reduced compared to other tree
species. Alone, these results would suggest that natural popu-
lations could benefit from genetic rescue, where hybridization
between the two populations could introduce genetic variation
to alleviate genetic load. However, our results here warrant cau-
tion before introducing non-local or hybrid trees into the wild.
If the natural populations have already developed reproductive
isolation or are locally adapted, hybridization may result in de-
creased fitness that only presents in F2s or later generation hy-
brids (Lowry et al. 2008a; Walter et al. 2020; Christie et al. 2022),
or only in field conditions where they are exposed to stresses not
present in the common garden (Melo et al. 2014). Specifically,
while some hybrids may still exhibit heterosis, hybrid individ-
uals having incompatible alleles would have decreased fitness,
resulting in overall greater variance in fitness which may be
harmful to recruitment in natural populations. Future work
should use crossing experiments and reciprocal transplants to
determine whether genetic rescue could have long-term benefits
to this endangered tree species.
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5 | Limitations

Several possible limitations arise from the common garden ex-
periment. First, it is possible that island individuals were subject
to selection pressure in the original 1960s mainland common
garden experiment, and that the second-generation island in-
dividuals included in this study are not representative of the
genomic makeup of the natural population. However, genetic
diversity does not appear to be reduced in island individuals
(Figure 3 and Di Santo et al. 2022), and we observe lower fit-
ness in the second-generation island population than in main-
land individuals. This suggests that any possible selection from
mortality was not strong enough to eliminate the differences be-
tween the two populations or to significantly alter the genomic
makeup of the second-generation island individuals. Second, it
is possible that traits measured over 10 years may not reflect life-
time fitness for long-lived tree species. As we observed slower
growth rates in the island population, it is possible that we un-
derestimate their lifetime fitness here. This underscores the im-
portance of long-term common garden experiments. Together
with future experiments, continued monitoring of this second-
generation Torrey pine common garden will continue to inform
the conservation of this rare species.

6 | Conclusions

Taken together, we find evidence of asymmetric barriers to
gene flow, reduced heterozygosity in genomic regions related
to varying reproductive and developmental functions, and one
low-heterozygosity and highly differentiated locus that asso-
ciates with reduced fitness in individuals carrying one or two
non-local (island) alleles for all four measured fitness metrics
in Torrey pine. These results suggest that Torrey pine popula-
tions may be beginning to evolve reproductive isolation, and this
may partly be driven by adaptation to contrasting island and
mainland environments, in which case introducing non-local
individuals or hybrids to the natural populations for genetic
rescue may actually be harmful in the long term. In the future,
whole-genome sequencing combined with reciprocal transplant
experiments and the development of experimental crosses in-
cluding F2s and backcrosses will be poised to identify the genes
that may be under divergent environmental selection in the two
populations, and/or contributing to the evolution of reproduc-
tive isolation (Schluter and Rieseberg 2022). Furthermore, un-
derstanding the extent of reproductive isolation among these
two populations will inform management strategies for this rare
species that balance the benefits of genetic diversity and local
adaptation.

Acknowledgments

Tom Ledig, USDA-Forest Service, PSW, had the foresight to establish
the common garden study at the end of his career. We thank him for
sharing this project with us. For their help collecting needle tissue and
measuring phenotypes within the common garden, the authors would
like to thank Alexis Pearson, Tyler Stadel, Courtney Canning, and
Madison Snider. The authors also would like to thank John Gabbert
for allowing the scientific crew to access the common garden study.
Finally, the authors would like to acknowledge the Michumash and
the Kumeyaay people as the traditional caretakers of the Torrey pine

ecosystems. Any use of product names is for informational purposes
only and does not imply endorsement by the US Government. The
findings and conclusions in this publication are those of the authors
and should not be construed to represent any official USDA or U.S.
Government determination or policy. This work was supported in part
by the U.S. Department of Agriculture, Forest Service.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Genomic and phenotypic data generated for this study, as well as scripts
used for analysis, are available from Dryad: https://doi.org/10.5061/
dryad.pc866tlxg. https://datadryad.org/stash/share/g_ AMBnVOfPuC
XNJ-ic22EWFIZcVBGKInlx7SPCH98rU.

References

Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990.
“Basic Local Alignment Search Tool.” Journal of Molecular Biology 215:
403-410.

Altschul, S. F., T. L. Madden, A. A. Schiffer, et al. 1997. “Gapped
BLAST and PSI-BLAST: A New Generation of Protein Database Search
Programs.” Nucleic Acids Research 25: 3389-3402.

Andrew, R. L., and L. H. Rieseberg. 2013. “Divergence Is Focused on
Few Genomic Regions Early in Speciation: Incipient Speciation of
Sunflower Ecotypes.” Evolution 67: 2468-2482.

Axelrod, D. I. 1967. “Geologic History of the Californian Insular Flora.”
In Ist Symposium on the Biology of the California Islands, 267-314.
National Park Service.

Bakdash, J. Z., and L. R. Marusich. 2022. “rmcorr: Repeated Measures
Correlation.”

Barnard-Kubow, K. B., N. So, and L. F. Galloway. 2016. “Cytonuclear
Incompatibility Contributes to the Early Stages of Speciation.” Evolution
70: 2752-2766.

Bates, D., M. Michler, B. Bolker, and S. Walker. 2015. “Fitting Linear
Mixed-Effects Models Using lme4.” Journal of Statistical Software 67:
1-48.

Benjamini, Y., and Y. Hochberg. 1995. “Controlling the False Discovery
Rate: A Practical and Powerful Approach to Multiple Testing.” Journal
of the Royal Statistical Society: Series B: Methodological 57: 289-300.

Bolte, C. E., and A. J. Eckert. 2020. “Determining the When, Where
and How of Conifer Speciation: A Challenge Arising From the Study

‘Evolutionary History of a Relict Conifer Pseudotaxus Chienii’.” Annals
of Botany 125: v—vii.

Bolte, C. E., T. M. Faske, C. J. Friedline, and A. J. Eckert. 2022.
“Divergence Amid Recurring Gene Flow: Complex Demographic
Histories for Two North American Pine Species (Pinus Pungens and P.
rigida) fit Growing Expectations Among Forest Trees.” Tree Genetics &
Genomes 18: 35.

Camacho, C., G. Coulouris, V. Avagyan, et al. 2009. “BLAST+:
Architecture and Applications.” BMC Bioinformatics 10: 421. England.

Cannon, C. H., and R. J. Petit. 2020. “The Oak Syngameon: More Than
the Sum of Its Parts.” New Phytologist 226: 978-983.

Carroll, M. C., L. L. Laughrin, and A. C. Bromfield. 1987. “Fire on the
California Islands: Does it Play a Role in Chaparral and Closed Cone
Pine Forest Habitats?” 3rd California Islands Symposium, 73-88.

Case, A. L., F. R. Finseth, C. M. Barr, and L. Fishman. 2016. “Selfish
Evolution of Cytonuclear Hybrid Incompatibility in Mimulus.”
Proceedings of the Royal Society B: Biological Sciences 283: 20161493.

13 0of 15

2SUAIIT suowwo)) aanear) a[qeorjdde ayy £q pauraaoS are saonIe YO asn Jo s[NI 10J AIeIqI AUIUQ KI[IAN UO (SUONIPUOD-PUR-SULI)/ W0 K3[1m K1eIqIjautjuo//:sdny) suonipuo) pue swId], ay) 228 [Sz07/C1/L1] uo Areiqy auruQ Ko[ip ‘ANsioatun) el eiueA[Asuudd £q 600, 2A/1 1 1°01/10p/wod Kafim Kreiqrjautjuo//:sdny woiy papeopumo( ‘v ‘sz0T ‘1LSHTSLI



Chen, S., Y. Zhou, Y. Chen, and J. Gu. 2018. “fastp: An Ultra-Fast All-in-
One FASTQ Preprocessor.” Bioinformatics 34:1884-i890.

Choi, J. Y., M. Purugganan, and E. A. Stacy. 2020. “Divergent Selection
and Primary Gene Flow Shape Incipient Speciation of a Riparian Tree
on Hawaii Island.” Molecular Biology and Evolution 37: 695-710.

Christie, K., L. S. Fraser, and D. B. Lowry. 2022. “The Strength of
Reproductive Isolating Barriers in Seed Plants: Insights From Studies
Quantifying Premating and Postmating Reproductive Barriers Over the
Past 15Years.” Evolution 76: 2228-2243.

Coughlan, J. M., and D. R. Matute. 2020. “The Importance of Intrinsic
Postzygotic Barriers Throughout the Speciation Process.” Philosophical
Transactions of the Royal Society of London. Series B, Biological Sciences
375:20190533.

De La Torre, A. R., A. Piot, B. Liu, B. Wilhite, M. Weiss, and I. Porth. 2020.
“Functional and Morphological Evolution in Gymnosperms: A Portrait of
Implicated Gene Families.” Evolutionary Applications 13: 210-227.

DeSilva, R., and R. S. Dodd. 2020. “Association of Genetic and Climatic
Variability in Giant Sequoia, Sequoiadendron giganteum, Reveals
Signatures of Local Adaptation Along Moisture-Related Gradients.”
Ecology and Evolution 10: 10619-10632.

Di Santo, L. N., S. Hoban, T. L. Parchman, J. W. Wright, and J. A.
Hamilton. 2022. “Reduced Representation Sequencing to Understand
the Evolutionary History of Torrey Pine (Pinus torreyana Parry) With
Implications for Rare Species Conservation.” Molecular Ecology 31:
4622-4639.

Doyle, J. J., and J. L. Doyle. 1987. “A Rapid DNA Isolation Procedure
for Small Quantities of Fresh Leaf Tissue.” Phytochemical Bulletin 19:
11-15.

Eaton, D. A. R., and I. Overcast. 2020. “Ipyrad: Interactive Assembly
and Analysis of RADseq Datasets.” Bioinformatics 36: 2592-2594.

Eckert, A. J., J. Van Heerwaarden, J. L. Wegrzyn, et al. 2010. “Patterns
of Population Structure and Environmental Associations to Aridity
Across the Range of Loblolly Pine (Pinus taeda L., Pinaceae).” Genetics
185:969-982.

Farjon, A. 2013. IUCN Red List of Threatened Species: Pinus torreyana.
International Union for Conservation of Nature and Natural Resources.

Feder, J. L., S. P. Egan, and P. Nosil. 2012. “The Genomics of Speciation-
With-Gene-Flow.” Trends in Genetics 28: 342-350.

Fernando, D. D., S. M. Long, and R. A. Sniezko. 2005. “Sexual
Reproduction and Crossing Barriers in White Pines: The Case Between
Pinus lambertiana (Sugar Pine) and P. monticola (Western White Pine).”
Tree Genetics & Genomes 1: 143-150.

Fick, S. E., and R. J. Hijmans. 2017. “WorldClim 2: New 1-Km Spatial
Resolution Climate Surfaces for Global Land Areas.” International
Journal of Climatology 37: 4302-4315.

Gompert, Z., and C. Alex Buerkle. 2010. “INTROGRESS: A Software
Package for Mapping Components of Isolation in Hybrid.” Molecular
Ecology Resources 10, no. 2: 378-384. https://doi.org/10.1111/j.1755-
0998.2009.02733.x.

Goudet, J., and T. Jombart. 2021. “hierfstat: Estimation and Tests of
Hierarchical F-Statistics.”

Granda, E., C. Scoffoni, A. E. Rubio-Casal, L. Sack, and F. Valladares.
2014. “Leaf and Stem Physiological Responses to Summer and Winter
Extremes of Woody Species Across Temperate Ecosystems.” Oikos 123:
1281-1290.

Grotkopp, E., M. Rejmanek, M. J. Sanderson, and T. L. Rost. 2004.
“Evolution of Genome Size in Pines (Pinus) and Its Life-History
Correlates: Supertree Analyses.” Evolution 58, no. 8: 1705-1729. https://
doi.org/10.1111/j.0014-3820.2004.tb00456.X.

Gugger, P. F., S. T. Fitz-Gibbon, A. Albarran-Lara, J. W. Wright, and V.
L. Sork. 2021. “Landscape Genomics of Quercus lobata Reveals Genes

Involved in Local Climate Adaptation at Multiple Spatial Scales.”
Molecular Ecology 30: 406-423.

Haller, J. R. 1967. Proceedings of the Symposium on the Biology of the
California Islands. Santa Barbara Botanic Garden.

Hamilton, J. A., R. Royauté, J. W. Wright, P. Hodgskiss, and T. F.
Ledig. 2017. “Genetic Conservation and Management of the California
Endemic, Torrey Pine (Pinus torreyana Parry): Implications of Genetic
Rescue in a Genetically Depauperate Species.” Ecology and Evolution
7:7370-7381.

Hardiman, M., A. C. Scott, N. Pinter, et al. 2016. “Fire History on the
California Channel Islands Spanning Human Arrival in the Americas.”
Philosophical Transactions of the Royal Society B: Biological Sciences
371, no. 1696: 20150167. https://doi.org/10.1098/rstb.2015.0167.

Hendry, A. P. 2009. “Ecological Speciation! Or the Lack Thereof?”
Canadian Journal of Fisheries and Aquatic Sciences 66: 1383-1398.

Hendry, A. P., P. Nosil, and L. H. Rieseberg. 2007. “The Speed of
Ecological Speciation.” Functional Ecology 21: 455-464.

Hijmans, R. J. 2024. “Terra: Spatial Data Analysis.”

Janes, J. K., and J. A. Hamilton. 2017. “Mixing It Up: The Role of
Hybridization in Forest Management and Conservation Under Climate
Change.” Forests 8: 237.

Jombart, T. 2008. “Adegenet: A R Package for the Multivariate Analysis
of Genetic Markers.” Bioinformatics 24: 1403-1405.

Jombart, T., and I. Ahmed. 2011. “Adegenet 1.3-1: New Tools for the
Analysis of Genome-Wide SNP Data.” Bioinformatics 27: 3070-3071.

Kruijer, W., and R. Kooke. 2023. “heritability: Marker-Based Estimation of
Heritability Using Individual Plant or Plot Data (Version 1.4) [Computer
software].” https://cran.r-project.org/web/packages/heritability/.

Kulmuni, J., and A. M. Westram. 2017. “Intrinsic Incompatibilities
Evolving as a By-Product of Divergent Ecological Selection: Considering
Them in Empirical Studies on Divergence With Gene Flow.” Molecular
Ecology 26, no. 12: 3093-3103. https://doi.org/10.1111/mec.14147.

Ledig, T. F., and T. M. Conkle. 1983. “Gene Diversity and Genetic
Structure in a Narrow Endemic, Torrey Pine (Pinus torreyana Parry ex
Carr.).” Evolution 37: 79-85.

Lenth, R. V. 2023. “emmeans: Estimated Marginal Means, aka Least-
Squares Means.”

Leroy, T., Q. Rougemont, J.-L. Dupouey, et al. 2020. “Massive Postglacial
Gene Flow Between European White Oaks Uncovered Genes
Underlying Species Barriers.” New Phytologist 226: 1183-1197.

Li, H. 2011. “A Statistical Framework for SNP Calling, Mutation
Discovery, Association Mapping and Population Genetical Parameter
Estimation From Sequencing Data.” Bioinformatics 27: 2987-2993.

Li, H. 2013. “Aligning Sequence Reads, Clone Sequences and Assembly
Contigs With BWA-MEM.” arXiv. https://doi.org/10.48550/arXiv.
1303.3997.

Li, H. 2014. “Toward Better Understanding of Artifacts in Variant
Calling From High-Coverage Samples.” Bioinformatics 30: 2843-2851.

Li, H., B. Handsaker, A. Wysoker, et al. 2009. “The Sequence Alignment/
Map Format and SAMtools.” Bioinformatics 25: 2078-2079.

Lind, B. M., C.J. Friedline, J. L. Wegrzyn, et al. 2017. “Water Availability
Drives Signatures of Local Adaptation in Whitebark Pine (Pinus albi-
caulis Engelm.) Across Fine Spatial Scales of the Lake Tahoe Basin,
USA.” Molecular Ecology 26: 3168-3185.

Lind, B. M., M. Menon, C. E. Bolte, T. M. Faske, and A. J. Eckert. 2018.
“The Genomics of Local Adaptation in Trees: Are We out of the Woods
Yet?” Tree Genetics & Genomes 14: 29.

Liu, Z.-X., H.-Y. Xiong, L.-Y. Li, and Y.-J. Fei. 2018. “Functional
Conservation of an AGAMOUS Orthologous Gene Controlling

14 of 15

Evolutionary Applications, 2025

2SUAIIT suowwo)) aanear) a[qeorjdde ayy £q pauraaoS are saonIe YO asn Jo s[NI 10J AIeIqI AUIUQ KI[IAN UO (SUONIPUOD-PUR-SULI)/ W0 K3[1m K1eIqIjautjuo//:sdny) suonipuo) pue swId], ay) 228 [Sz07/C1/L1] uo Areiqy auruQ Ko[ip ‘ANsioatun) el eiueA[Asuudd £q 600, 2A/1 1 1°01/10p/wod Kafim Kreiqrjautjuo//:sdny woiy papeopumo( ‘v ‘sz0T ‘1LSHTSLI



Reproductive Organ Development in the Gymnosperm Species Taxus
chinensis Var. Mairei.” Journal of Plant Biology 61: 50-59.

Lowry, D. B., J. L. Modliszewski, K. M. Wright, C. A. Wu, and J. H.
Willis. 2008a. “The Strength and Genetic Basis of Reproductive
Isolating Barriers in Flowering Plants.” Philosophical Transactions of
the Royal Society of London. Series B, Biological Sciences 363: 3009-3021.

Lowry, D. B., R. C. Rockwood, and J. H. Willis. 2008b. “Ecological
Reproductive Isolation of Coast and Inland Races of Mimulus guttatus.”
Evolution 62: 2196-2214.

MacLachlan, I. R., T. K. McDonald, B. M. Lind, L. H. Rieseberg, S.
Yeaman, and S. N. Aitken. 2021. “Genome-Wide Shifts in Climate-
Related Variation Underpin Responses to Selective Breeding in a
Widespread Conifer.” Proceedings of the National Academy of Sciences
of the United States of America 118: €2016900118.

McWilliam, J. R. 1959. “Interspecific Incompatibility in Pinus.”
American Journal of Botany 46: 425-433.

Melo, M. C., A. Grealy, B. Brittain, G. M. Walter, and D. Ortiz-Barrientos.
2014. “Strong Extrinsic Reproductive Isolation Between Parapatric
Populations of an Australian Groundsel.” New Phytologist 203: 323-334.

Menon, M., J. C. Bagley, C. J. Friedline, et al. 2018. “The Role of
Hybridization During Ecological Divergence of Southwestern White
Pine (Pinus strobiformis) and Limber Pine (P. flexilis).” Molecular
Ecology 27: 1245-1260.

Mogensen, H. L. 1996. “Invited Special Paper: The Hows and Whys of
Cytoplasmic Inheritance in Seed Plants.” American Journal of Botany
83:383-404.

Moyroud, E., M. Monniaux, E. Thévenon, et al. 2017. “A Link Between
LEAFY and B-Gene Homologues in Welwitschia mirabilis Sheds Light
on Ancestral Mechanisms Prefiguring Floral Development.” New
Phytologist 216: 469-481.

Nardini, A., M. A. Lo Gullo, P. Trifilo, and S. Salleo. 2014. “The
Challenge of the Mediterranean Climate to Plant Hydraulics: Responses
and Adaptations.” Environmental and Experimental Botany 103: 68-79.

Neale, D. B., and R. R. Sederoff. 1989. “Paternal Inheritance of
Chloroplast DNA and Maternal Inheritance of Mitochondrial DNA in
Loblolly Pine.” Theoretical and Applied Genetics 77: 212-216.

Nosil, P, D. J. Funk, and D. Ortiz-Barrientos. 2009a. “Divergent
Selection and Heterogeneous Genomic Divergence.” Molecular Ecology
18: 375-402.

Nosil, P, L. J. Harmon, and O. Seehausen. 2009b. “Ecological
Explanations for (Incomplete) Speciation.” Trends in Ecology &
Evolution 24: 145-156.

Petit, R. J., and A. Hampe. 2006. “Some Evolutionary Consequences of
Being a Tree.” Annual Review of Ecology, Evolution, and Systematics 37:
187-214.

Puritz, J. B., C. M. Hollenbeck, and J. R. Gold. 2014a. “dDocent: A
RADseq, Variant-Calling Pipeline Designed for Population Genomics
of Non-Model Organisms.” PeerJ 2: e431.

Puritz, J. B., M. V. Matz, R. J. Toonen, J. N. Weber, D. I. Bolnick, and
C. E. Bird. 2014b. “Demystifying the RAD Fad.” Molecular Ecology 23:
5937-5942.

R Core Team. 2023. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing.

Richards, T. J., and D. Ortiz-Barrientos. 2016. “Immigrant Inviability
Produces a Strong Barrier to Gene Flow Between Parapatric Ecotypes
of Senecio Lautus.” Evolution 70: 1239-1248.

Rieseberg, L. H., and B. K. Blackman. 2010. “Speciation Genes in
Plants.” Annals of Botany 106: 439-455.

Riordan, E. C., P. F. Gugger, J. Ortego, et al. 2016. “Association of Genetic
and Phenotypic Variability With Geography and Climate in Three
Southern California Oaks.” American Journal of Botany 103: 73-85.

Ronnegérd, L., S. E. McFarlane, A. Husby, T. Kawakami, H. Ellegren, and
A. Qvarnstrém. 2016. “Increasing the Power of Genome Wide Association
Studies in Natural Populations Using Repeated Measures — Evaluation
and Implementation.” Methods in Ecology and Evolution 7: 792-799.

Rose, N. H., R. A. Bay, M. K. Morikawa, and S. R. Palumbi. 2018.
“Polygenic Evolution Drives Species Divergence and Climate Adaptation
in Corals.” Evolution 72: 82-94.

Local Adaptation in Trees.” Annual Review of Ecology, Evolution, and
Systematics 38: 595-619.

Schluter, D. 2001. “Ecology and the Origin of Species.” Trends in Ecology
& Evolution 16: 372-380.

Schluter, D. 2009. “Evidence for Ecological Speciation and Its
Alternative.” Science 323: 737-741.

Schluter, D., and L. H. Rieseberg. 2022. “Three Problems in the Genetics
of Speciation by Selection.” Proceedings of the National Academy of
Sciences of the United States of America 119: €2122153119.

Schwilk, D. W., and D. D. Ackerly. 2001. “Flammability and Serotiny
as Strategies: Correlated Evolution in Pines.” Oikos 94, no. 2: 326-336.
https://doi.org/10.1034/j.1600-0706.2001.940213.X.

Stevens, K. A., J. L. Wegrzyn, A. Zimin, et al. 2016. “Sequence of the
Sugar Pine Megagenome.” Genetics 204, no. 4: 1613-1626. https://doi.
org/10.1534/genetics.116.193227.

Strasburg, J. L., N. A. Sherman, K. M. Wright, L. C. Moyle, J. H. Willis,
and L. H. Rieseberg. 2012. “What Can Patterns of Differentiation Across
Plant Genomes Tell Us About Adaptation and Speciation?” Philosophical
Transactions of the Royal Society of London. Series B, Biological Sciences
367:364-373.

Tallmon, D. A., G. Luikart, and R. S. Waples. 2004. “The Alluring
Simplicity and Complex Reality of Genetic Rescue.” Trends in Ecology &
Evolution 19: 489-496.

Tiffin, P., S. Olson, and L. C. Moyle. 2001. “Asymmetrical Crossing
Barriers in Angiosperms.” Proceedings of the Royal Society of London —
Series B: Biological Sciences 268: 861-867.

Turelli, M., and L. C. Moyle. 2007. “Asymmetric Postmating Isolation:
Darwin's Corollary to Haldane's Rule.” Genetics 176: 1059-1088.

van de Kerk, M., D. P. Onorato, J. A. Hostetler, B. M. Bolker, and M. K.
Oli. 2019. “Dynamics, Persistence, and Genetic Management of the
Endangered Florida Panther Population.” Wildlife Monographs 203: 3-35.

Walter, G. M., T. J. Richards, M. J. Wilkinson, M. W. Blows, J. D.
Aguirre, and D. Ortiz-Barrientos. 2020. “Loss of Ecologically Important
Genetic Variation in Late Generation Hybrids Reveals Links Between
Adaptation and Speciation.” Evolution Letters 4: 302-316.

Wei, T., and V. Simko. 2021. “R Package “corrplot” Visualization of
Correlation Matrix.”

Williams, A. P., C. J. Still, D. T. Fischer, and S. W. Leavitt. 2008. “The
Influence of Summertime Fog and Overcast Clouds on the Growth of a
Coastal Californian Pine: A Tree-Ring Study.” Oecologia 156: 601-611.

Williams, C. G., and O. Savolainen. 1996. “Inbreeding Depression in
Conifers: Implications for Breeding Strategy.” Forest Science 42:102-117.

Wright, K. M., D. Lloyd, D. B. Lowry, M. R. Macnair, and J. H. Willis.
2013. “Indirect Evolution of Hybrid Lethality due to Linkage With
Selected Locus in Mimulus guttatus.” PLoS Biology 11: e1001497.

Yeaman, S., K. A. Hodgins, K. E. Lotterhos, et al. 2016. “Convergent
Local Adaptation to Climate in Distantly Related Conifers.” Science 353:
1431-1433.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

150f 15

2SUAIIT suowwo)) aanear) a[qeorjdde ayy £q pauraaoS are saonIe YO asn Jo s[NI 10J AIeIqI AUIUQ KI[IAN UO (SUONIPUOD-PUR-SULI)/ W0 K3[1m K1eIqIjautjuo//:sdny) suonipuo) pue swId], ay) 228 [Sz07/C1/L1] uo Areiqy auruQ Ko[ip ‘ANsioatun) el eiueA[Asuudd £q 600, 2A/1 1 1°01/10p/wod Kafim Kreiqrjautjuo//:sdny woiy papeopumo( ‘v ‘sz0T ‘1LSHTSLI



	Genetic Basis of Reproductive Isolation in Torrey Pine (Pinus torreyana Parry): Insights From Hybridization and Adaptation
	ABSTRACT
	1   |   Background
	2   |   Methods
	2.1   |   Multigenerational Common Garden
	2.2   |   DNA Extraction and Reduced Representation Sequencing
	2.3   |   Reference-Guided Assembly and Calling of Genetic Variants
	2.4   |   Parental Population Hybridization Simulations
	2.5   |   Functional Plant Ontology (PO) and Gene Ontology (GO) Annotation
	2.6   |   Correlation Analysis Between Measured Phenotypes
	2.7   |   Genome-Wide Association Analysis (GWAS)
	2.8   |   Evaluating Fitness Consequences Following Interpopulation Genetic Mixing
	2.9   |   Evaluating the Distribution of Genetic Variation Across Torrey Pine Ancestries and SNP Sets

	3   |   Results
	3.1   |   Trait Heritability
	3.2   |   SNPs Exhibiting Lower-Than-Expected F1 Heterozygosity and Their Functional Relevance
	3.3   |   SNPs Exhibiting Statistical Association With Fitness Traits and Their Proxies
	3.4   |   Fitness Consequences of Hybridization at a Locus Exhibiting Reduced Admixture and Significant Genotype–Phenotype Association
	3.5   |   Distribution of Genetic Variation Across Island, Mainland, and F1 Hybrid Individuals

	4   |   Discussion
	4.1   |   One Locus Shows Patterns Suggestive of Extrinsic Postzygotic Reproductive Isolation
	4.2   |   Functions of Genes Exhibiting Reduced Heterozygosity
	4.3   |   Conservation Implications

	5   |   Limitations
	6   |   Conclusions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


