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Abstract

Understanding the genomic mechanisms contributing to speciation requires studies of taxa that
are in the early stages of divergence, before complete reproductive isolation has evolved. 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, and is an ideal system for
assessing the evolution of divergence as they are morphologically and genetically
differentiated, but experience some connectivity. Using ddRADseq and GWAS for a common
garden experiment of island, mainland, and F1 genotypes, we identified divergent loci, their
function, and their relationship to variation in fitness. Simulating neutral evolution and
admixture, loci were identified that were more differentiated than expected and exhibited
reduced admixture in the F1s. SNPs with reduced admixture were enriched for reproductive-
related functions, such as growth and pollination. Additionally, one locus strongly associated
with differential fitness exhibited reduced admixture, suggesting it could be involved in
promoting reproductive isolation. With persistent genomic signatures of the evolution of
reproductive isolation, Torrey pine may be at the early stages of speciation. 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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Background

Forest trees are well-known for maintaining signatures of local adaptation among populations
even when experiencing high levels of homogenizing gene flow [1-3]. This apparent paradox
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
[1]. In some cases, population differentiation may lead to reproductive isolation and eventually
speciation [4-9]. However, the evolutionary and genomic mechanisms underlying the shift
from local adaptation with gene flow to the evolution of reproductive isolation (RI) is poorly
documented in trees, particularly conifers [10]. The prevalence of local adaptation even under
high levels of gene flow makes trees a good system for better understanding how and when
divergent selection may drive the evolution of reproductive isolation, a prerequisite for
speciation.

Speciation requires the evolution of genetic divergence, which can arise in response to
environmental differences, as a result of isolation, or a combination of both [4,8,11]. Allopatry
may cause 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. If non-local
alleles are deleterious, selection against them may favor the evolution of reproductive barriers.

Reproductive isolation can arise through many mechanisms, including both prezygotic
and postzygotic barriers, and identifying the genes underlying these reproductive barriers may
help us better understand the process of speciation at the genomic level [12-17]. One way to
identify mechanisms underlying the evolution of reproductive isolation is through signatures
left in the genome [5,11,14,16]. When reproductive isolation is developing amidst ongoing
gene flow, as in the early stages of ecological speciation where species diverge as a

consequence of natural selection among contrasting environments, loci that are under selection
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will become more differentiated between two populations than other genomic regions [16]. As
speciation proceeds, variants linked to those regions under selection diverge, eventually leading
to differentiation throughout the genome. The functions of differentiated genomic regions can
be further understood using phenotypic data for both populations grown in a common
environment. Using genotype-phenotype associations, differentiated loci can be linked to
reproductive and 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.

In this study, we took advantage of a 20-year common garden with Torrey Pine (Pinus
torreyana Parry), established by the USDA-Forest Service Pacific Southwest Research Station.
Torrey pine is one of the rarest pines in the world with only two native populations remaining.
Separated by approximately 280 km (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 population located at the Torrey Pine State Natural Reserve in
La Jolla, California (Appendix S1). When grown in a common environment, the two
populations exhibit phenotypic differences consistent with adaptation to their native
environments [18], but also exhibit relatively low genetic differentiation (Fst = 0.0129) and
some evidence of ongoing gene flow [19]. In an open-pollinated common garden including
mainland and island trees, only F1s from island maternal trees fertilized by mainland pollen
were produced, with no F1s observed between mainland maternal trees fertilized by island
pollen [18]. Asymmetric crossing barriers can be evidence of cytonuclear or maternal
incompatibility [20-22], and may be a sign that reproductive barriers between the two
populations have already begun to evolve [23]. Thus, Torrey pine is an ideal system for
investigating the early stages of reproductive isolation between two geographically separated

populations occurring in contrasting environments. To evaluate the genomic and fitness
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82  consequences of inter-population gene flow we leverage a common garden experiment of
83  reproductive-aged trees of both parental populations and F1 hybrids.

84 Understanding the nature of the divergence between Torrey pine populations will be
85 critical to inform species management. Both populations exhibit exceedingly low genetic
86  diversity, particularly for a conifer [19,24] and F1 hybrids between the two populations appear
87  to have higher fitness proxies than the parental populations, suggesting genetic rescue may be
88  beneficial [18]. However, increased F1 fitness may be the result of heterosis, in which excess
89  homozygosity is reduced [25-27]. Given this, it is unclear whether increased hybrid fitness
90  would persist in future generations of hybrids backcrossed with either parental population. If
91 the parental populations have evolved partial reproductive isolation as a result of ecological
92  speciation, F2s and backcrossed individuals may ultimately have lower fitness despite heterosis
93 inF1s, limiting the value of intra-population genetic rescue [28,29].

9 In this paper, we investigate whether there is evidence for incipient ecological
95  speciation between Torrey pine populations by testing whether highly differentiated loci are
96  associated with fitness-related phenotypic differences. We address two main questions: 1) Do
97  genomic and phenotypic differences observed between Torrey pine populations contribute to
98 their reproductive isolation? 2) What are the implications for conservation of this endangered
99  species — would genetic rescue be beneficial or should these two populations be managed as

100  separate taxonomic groups?
101

102  Methods

103  Multigenerational common garden
104  Prior to 1960, two plots of 20 mainland and 20 island Torrey pine trees were established
105 adjacent to each other at the USDA Horticultural Field Station (now the Scripps Institute) in

106 La Jolla, CA [18,30]. Between 2004 and 2006, open-pollinated cones from 10 mainland and
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107 16 island trees were sampled, yielding a total of 643 seeds which were subsequently planted
108 and grown in a greenhouse at the USDA-Forest Service Pacific Southwest Station, Institute of
109  Forest Genetics, Placerville, CA. As seedlings emerged, one cotyledon was clipped from each
110  plant for genetic analyses and identification of seedlings’ ancestry (island, mainland, or F1
111 hybrid) using two population-specific allozyme markers [31]. Of the 643 seeds planted, 128
112 were genetically confirmed as being of pure mainland ancestry, 134 were identified as being
113  of pure island ancestry, and 381 were identified as mixed ancestry (F1 hybrids) [18,31]. These
114 F1 hybrids solely reflected crossings of island females with mainland pollen donors, indicating
115 hybrids were the product of unidirectional gene flow between parental populations.

116 Following emergence, a subset of 360 seedlings representing each ancestry (n=120 each
117  of island, mainland, and F1 hybrids) were planted following a randomized complete block
118  design with six replicate blocks at the common garden site in Montecito, CA (34.42963, -
119  119.56396). Each of the 360 trees planted were measured for four quantitative traits, including
120  tree height in cm (measured between 2008 and 2018), the number of conelets or first-year cones
121 produced (measured between 2013 and 2018), the number of immature cones or second-year
122 cones produced (measured between 2015 and 2018), and the number of mature or third-year
123 cones produced (measured between 2015 and 2018). These traits were selected as they provide
124  either proxies (height) or empirical estimates of fitness needed to examine the impact of
125 interpopulation gene flow on Torrey pine fitness (see below). Given that selection likely acts
126  across each reproductive stage and there was limited correlation among them over time (see
127  below), we analyzed each cone production trait separately using all available years. For full

128  details about the common garden experiment see [18].

129  DNA extraction and reduced representation sequencing
130  During the summer of 2016, needle tissue was collected from the 262 individuals surviving of

131 the 360 seedlings originally planted within the common garden [18], including 89 pure


https://www.zotero.org/google-docs/?FThHOf
https://www.zotero.org/google-docs/?Gt24Ue
https://www.zotero.org/google-docs/?bIGPw3
https://www.zotero.org/google-docs/?hqD0Ns
https://doi.org/10.1101/2024.04.15.589509

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.15.5895009; this version posted April 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17
USC 105 and is also made available for use under a CCO license.

132  mainland, 88 pure island, and 85 F1 hybrid trees. Following collection, needles were dried and
133  maintained on silica gel until genomic DNA could be extracted using approximately 20 to 35
134  mg of dried needle tissue based on a modified version of the CTAB protocol [32]. In this
135 modified version, rough mixing (e.g., vortex) was replaced with slow manual shaking of
136  samples to reduce DNA shearing. The concentration and purity of extracted DNA was
137  evaluated for each sample separately using a NanoDrop 1000 Spectrophotometer (Thermo
138  Scientific). Overall, purity ratios averaged 1.86 and 2.21 for 260/280 and 260/230 respectively,
139  with concentrations of DNA ranging from 153.78 to 4,463.31 ng/uL (average = 1,138.41
140 ng/uL). Following extraction, DNA concentration was standardized to 85 ng/uL for all 262
141  samples and genomic libraries were prepared using the protocol described in [33]. Once
142  constructed, all genomic libraries were pooled and sent to the Genomic Sequencing and
143  Analysis Facility (GSAF; Austin, TX) for single-end sequencing (1x 100 bp) on 5 lanes of an
144 Illumina HiSeq 2500. Prior to sequencing, the pooled library was selected for fragments within

145  the range of 450-500 bp.

146  Reference-guided assembly and calling of genetic variants

147  Raw sequenced libraries were demultiplexed using ipyrad version 0.9.12 [34]. To reduce the
148  probability of assigning a read to the wrong individual, ipyrad was parameterized to allow only
149  asingle mismatch in the barcode sequence. Raw reads were subsequently filtered for quality
150 using dDocent version 2.8.13 pipeline [35,36]. Using Trimmomatic [37], base pairs with
151  PHRED score below 20 at the beginning and end of reads and Illumina adapter sequences were
152  removed, and reads were trimmed once the average PHRED score within a 5 bp window
153  dropped below 10. Cleaned reads were mapped to the Pinus taeda (loblolly pine) draft genome
154 version 2.0 (GeneBank accession: GCA_000404065.3) using the BWA-MEM algorithm [38]
155  with default values, except for the mismatch penalty (-B, default: 4) and the gap open penalty

156 (-0, default: 6), which were relaxed to 3 and 5, respectively, to account for additional genomic
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157  differences that may have evolved between Torrey pine and closely related loblolly pine.
158  Genetic variants were called from sequence alignments using the SAMtools and BCFtools
159  pipeline [39]. Specifically, we used the multiallelic and rare-variant calling model (-m) with
160 no prior expectation on the substitution rate (--prior 0). In total, the pipeline identified
161 44,493,992 genetic variants, including single-nucleotide (SNP) and insertion/deletion (INDEL)
162  polymorphisms, that were subjected to quality filtering. First, variants with a genotype quality
163 (GQ) <20 and a genotype depth (DP) < 3 were marked as missing. Next, variants with PHRED
164  scores < 20 (QUAL), minor allele counts (MAC) < 3, minor allele frequencies (MAF) < 0.01,
165  genotyping rates across individuals < 0.8, average depth across individuals > 23 (based on
166  [40]’s equation), and inbreeding coefficients (Fis) < -0.5 or > 0.5 were filtered out of the raw
167  data. Of the initial 262 genotyped individuals, 53 were removed from subsequent analyses as
168  they exhibited greater than 50% missing values. In total, following the removal of INDELSs and
169  SNPs with 3 or more alleles, 11,379 biallelic SNPs across 209 individuals, including 68 pure

170  island, 75 pure mainland, and 66 F1 hybrid individuals were identified and used for analysis.

171 Admixture simulations

172  To evaluate whether barriers to gene flow may have evolved between Torrey pine populations,
173 we quantified genome-wide admixture in F1 hybrids, measured as locus-specific observed
174  heterozygosity (Ho), specifically searching for low-diversity SNPs. Using a customized R
175  script relying on R packages adegenet [41,42] and hierfstat [43], for each of the 11,379 SNPs,
176  we simulated the distribution of Ho values expected in F1 hybrids under the null hypothesis
177  that Ho at any hybrid locus would be based on the frequency of alleles in the island and
178  mainland populations. To do so, we used the function hybridize() that simulates hybridization
179  between two populations using a 2-step approach. First, allele frequencies specific to each
180  parental population are derived from genotypes of their individuals. Then, hybrid genotypes

181  are generated by sampling gametes in each of these populations using a multinomial probability
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182  distribution. SNP-specific null distributions were produced by repeating this process 1000
183  times and estimating locus-specific Ho each time from simulated hybrid genotypes using the
184  function basic.stats(). To mirror the empirical SNP data set, we simulated 11,379 genotypes
185  for 66 F1 hybrids within each iteration, using allele frequencies derived from 68 and 75 pure
186 island and pure mainland individuals, respectively.

187 To identify SNPs that may exhibit reduced admixture relative to expectation, we
188  compared simulated null Ho distributions (expected Ho) with Ho values estimated from
189  empirical F1 hybrid genotypes (observed Ho). For each locus, we computed a one-sided p-
190  value, defined as the probability that an expected Ho value is equal or lower than the observed
191  Ho value at this locus. All p-values were corrected for multiple testing using Benjamini and
192  Hochberg’s [44] False Discovery Rate procedure implemented within the R function p.adjust().
193  SNPs that exhibited significantly reduced admixture relative to expectation based on parental
194  allele frequencies (FDR < 0.1) were classified as potential candidate regions of the genome
195  associated with the evolution of barriers to gene flow between island and mainland populations

196  of Torrey pine.

197  Functional plant ontology (PO) and gene ontology (GO) annotation

198  SNPs exhibiting lower admixture relative to expectations were functionally annotated to
199  determine whether their functions, processes, or anatomical and temporal expressions may be
200  important to Torrey pine fitness using blastx 2.9.0+ [45-47] and a combination of customized
201 R scripts. First, a region of 5,000 bps (5 kbps) from Pinus taeda draft genome version 2.0
202  (GenBank accession: GCA_000404065.3) was extracted 2,500 bps before and after each target
203  locus using samtools [48]. If a SNP was within the first 2,500 bp of a scaffold, the first 5,000
204 bps were extracted. If a scaffold harboring a SNP was shorter than 5 kbps, the whole scaffold
205 length was used instead. Extracted sequences were then blasted against the TAIR10 peptide

206  blastset (TAIR10 pep 20101214 updated). Homology between query and blastset sequences
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207  was assessed using blastx default parameters, an expectation value threshold of 10 (-evalue
208  0.001), and a maximum number of database hits of 5 (-max_target_seqs 5). Lastly, mapping of
209  gene ontology (GO) and plant ontology (PO) terms onto annotated sequences was performed
210  inRusing a customized scriptand GO (ATH_GO_GOSLIM.txt.gz) as well as PO (grow.txt.gz)
211  annotations available online. All databases mentioned throughout this section are available

212 from https://www.arabidopsis.org/download/. Using the TAIR database, while neither conifer-

213  nor pine-specific, provides an exhaustive set of GO and PO annotations to associate with
214 reduced admixture. This database remains the most complete with respect to plant gene
215  functions and shares orthologous and homologous sequences with pine that will aid in
216  determining functional categories critical to plant fitness [e.g., 49]. Functional gene annotation
217 is limited for conifers, particularly for genes involved in reproduction and development [50].
218  Furthermore, some genes involved in flowering in angiosperms pre-date their divergence with
219  gymnosperms [50-52]. However, because of the evolutionary distance between Arabidopsis
220 and Torrey pine, the annotations will be best understood within broad functional
221  categorizations, rather than species-specific contexts.

222 Following the same procedure as above, we also annotated 5 kb regions around 500
223  randomly selected SNPs of the total 11,379 called to investigate whether the set of candidate
224 loci for reproductive isolation was enriched for specific functions or processes. Identifying
225  which functional annotations (GO or PO) may be enriched in loci with reduced admixture
226  relative to expectation was performed in R using Pearson’s chi-squared test as implemented in
227  the function prop.test(). First, we determined which annotations were shared between the
228  candidate and the random set of loci. Then, we estimated the proportion (frequency) of each
229  shared annotation within both sets of loci separately and tested the null hypothesis of equal
230  proportions (frequencies) between data sets, correcting all p-values for multiple testing using

231  Benjamini and Hochberg’s [44] False Discovery Rate procedure implemented within the R

10
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232  function p.adjust(). Proportions of a given annotation were assumed significantly different
233  between random loci and loci candidate for reproductive isolation when the false discovery rate

234 was less than 10% (FDR < 0.1).

235  Correlation analysis between measured phenotypes

236  To limit redundancy across traits and ensure each phenotype largely reflects unique inter-
237 individual variation, we conducted a repeated measures correlation analysis in R based on
238  temporal measurements taken on all 209 samples using the package rmcorr [53]. Significance
239  of estimated correlation coefficients was evaluated considering a threshold o = 0.05. A
240  correlogram with correlations between all pairs of phenotypes was generated using the R
241  package corrplot [54] and is shown in Appendix S2. While some correlation coefficients were
242  significant, no phenotypes were highly correlated (r > 0.6). Consequently, all four temporally
243  assessed traits (tree height in cm, the number of conelets (first-year cones), the number of
244 immature cones (second-year cones), and the number of mature cones (third-year cones)

245  produced) were kept for subsequent analyses.

246  Genome-wide association analysis (GWAS)

247  To assess whether genotypic variation at select SNPs may be associated with variability in
248  temporally measured phenotypes, we conducted a repeated-measures genome-wide association
249  analysis based on all 209 samples and 11,379 genetic variants using the R package RepeatABEL
250  [55]. For each trait, we first used the function preFitModel() to fit a linear mixed model to the
251  data without SNP effects to estimate variance components for the trait, including a random
252  polygenic (based on a genetic relationship matrix) and permanent environmental effect to
253  account for population structure and the repeated nature (temporal sampling) of the data. Both
254  of these effects are computed and assessed internally within the function. In addition, we
255  considered “block™ (spatial position of a sample within the common garden) and “year” as
256  additional random variables within the model. Following this, we used the function rGLS(),

11
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257  fitting a generalized least square model to each genetic marker given a covariance matrix
258  (estimated using preFitModel), to test for associations between SNPs (considered as fixed
259  effects) and phenotypes while correcting for the effect of random variables. Lastly, SNP-
260  specific p-values were corrected for multiple testing using Benjamini and Hochberg’s [44]
261  False Discovery Rate procedure implemented within the R function p.adjust(). Of the 11,379
262  SNPs tested for association with each of the four phenotypic traits, only those with FDR < 0.1

263  were considered potential candidate markers underlying genotype-phenotype association.

264  Evaluating fitness consequences following interpopulation genetic mixing

265  Comparing SNP lists, one locus was identified that exhibited both lower admixture than
266  expected under a neutral model and was statistically associated with one or more of the four
267  fitness or fitness-related phenotypes (hereafter referred to as the shared locus, see Results). To
268 identify whether this locus was a potential candidate associated with reproductive isolation
269  between Torrey pine populations, we required that (1) genotypes frequencies for the locus
270  would be biased by population, with each population favoring a different homozygous
271  genotype, and (2) fitness of individuals with non-local and admixed genotypes would be
272  reduced relative to individuals with the more local genotype. As the common garden was
273  planted in Montecito near Santa Barbara, CA, we considered mainland trees as local and island
274  trees as non-local. To determine whether the number of homozygous genotypes statistically
275  differed between parental ancestries, we counted genotype occurrences across pure island and
276  pure mainland individuals and conducted a chi-square test on the resulting contingency table.
277 To understand the effects of climate on fitness, we compared climatic variables from
278  the two native Torrey Pine populations and the common garden site, extracting data from
279  climate rasters from BioClim version 2.1 for the years 1970-2000 at 30 second resolution [56]
280 using the R package terra, version 1.7.71 [57] in R 4.3.2 [58]. We considered the common

281 garden site more similar to the native mainland site because the island site generally

12
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282  experiences more moderate conditions; for example, having lower temperatures and more
283  precipitation during the warmest quarter (Appendix S1). While the common garden site is a
284  novel environment compared to either native site, and is more similar to the island site along
285  PCL, the severity of the summer drought is the primary stressor in Mediterranean climates and
286 s likely to be a more important factor in adaptation [59-62].

287 A linear mixed model and expected marginal means approach was used to evaluate
288  whether average phenotypes statistically differed among genotypes by leveraging R packages
289  Ime4 [63] and emmeans [64]. For each trait, we built a model where phenotypic variation was
290 explained by the fixed effect of individuals’ genotypes at the shared locus, the fixed effect of
291 among-individual genetic relationships, the random effect of blocks assigned to individuals
292  within the common garden, the random effect of years phenotypes were measured, and the
293 random effect of individuals themselves (to account for the repeated nature of response
294  variables). Genetic relationships among common garden individuals were estimated using a
295  principal component analysis implemented within the dudi.pca() function from the adegenet R
296  package. This analysis was performed on allele frequencies of the full genomic data set (11,379
297  SNPs across 209 individuals), with missing values replaced by the average allele frequencies
298  across individuals. The first two principal components were used in all four linear mixed
299  models to summarize genetic relationships among individuals, as these components provide
300 good proxies for among-ancestry (PC1) and within-ancestry genetic structure (PC2) (Appendix
301  S3).

302 The emmeans() function, computing expected marginal means, was used for the final
303 assessment of phenotype average differences among genotypes. Briefly, the function computes
304  genotype-specific trait averages and standard errors corrected for all effects included within
305 linear mixed models. The function also computes adjusted p-values estimated from t-ratios

306 calculated between all possible pairwise genotype comparisons. Ultimately, we used this
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307  statistic to infer statistical differences in average phenotypes for all traits measured between
308  genotypes.
309

310 Results

311  SNPs exhibiting lower-than-expected admixture and their functional relevance

312  Simulation of first-generation progenies from island and mainland individuals using genotypes
313  at 11,379 SNPs revealed some loci in F1 hybrids that may exhibit a higher degree of fixation
314  relative to expectations under the hypothesis that genotypes are solely determined by allele
315  frequencies in each parental population. A comparison between observed and simulated Ho
316  estimates at each locus identified 185 SNPs (FDR < 0.1) with reduced admixture. Of the 184
317  5kb-long sequences containing these SNPs (two SNPs were located on the same segment), 75
318  (41%) could be annotated with the TAIR 10 peptide blastset, with hits in 59 described A.
319 thaliana genes. Plant ontology terms could be retrieved for 37 (63%) of the 59 gene hits, while
320 gene ontology terms were retrieved for all 59 gene hits.

321 Various plant developmental stages are expressed in those regions of the genome that
322  exhibited less admixture than expected (Figure 1). This includes embryo development stages
323  (e.g., C globular stage, D bilateral stage, E expanded cotyledon stage, or F mature embryo
324  stage), vegetative development stages (e.g., 2-, 4-, 6-, 8-, 10-, 12-leaf stages, or seedling
325 development stage), and reproductive development stages (e.g., 4 anthesis stage, petal
326  differentiation and expansion stage, M germinated pollen stage, or L mature pollen stage).
327  Functionally, the vast majority of these loci are located or active in the nucleus with molecular
328  functions including protein binding, catalytic activity, RNA binding, as well as kinase and
329 transferase activities (Figure 2a, b). Biological processes associated with these molecular
330  functions covered responses to various stimuli and stresses, and plant development (Figure 2c).

331 Finally, enrichment analyses demonstrated that while no PO terms could preferentially be
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332  associated with SNPs exhibiting reduced admixture relative to expectation, some GO terms
333 were significantly enriched in the latter SNP set (Table 1). Interestingly, the products of genes
334  associated with these loci appeared to often be located in the plasma membrane, involved in
335 important developmental and reproductive processes, including cell differentiation, growth,

336  and pollination, and have molecular functions including kinase or nuclease activity.

337  SNPs exhibiting statistical association with fitness traits and their proxies

338  Genome-wide association analysis indicated alleles at several loci may play an important role
339 in contributing to fitness variation in Torrey pine. In total, 12 SNPs were significantly
340 associated (FDR < 0.1) with variation in phenotypes (Table 2). While 8 (67%) of the 12 SNPs
341  were associated with a single trait, the remaining 4 were associated with two or more traits.
342  Phenotypic value of these traits all increased with the number of derived alleles at associated
343  SNPs except for one, locus_8778 [APFE031129984.1:16200] (Table 2), where it decreased.
344 Interestingly, comparing SNPs associated with fitness and fitness-related traits with SNPs
345  exhibiting low-level admixture in F1 hybrids identified one common locus (locus_4218
346  [APFE030529380.1:392010]). This locus, in addition to exhibiting a reduced degree of
347  admixture, was also the only locus that significantly explained phenotypic variation across all
348  four traits measured (Table 2). Unfortunately, functional annotations for the 5 kbps region
349  surrounding this locus were limited. While this region may be located in the mitochondrion
350 (GO:0005739), nothing is known about its molecular function or the biological process it might

351 beinvolved in.

352  Fitness consequences of hybridization at a locus exhibiting reduced admixture and
353 significant genotype-phenotype association

354  The chi-squared test performed on homozygous genotype counts for locus 4218
355 [APFE030529380.1:392010] demonstrated unequal distribution of these genotypes between
356  pure parental ancestries (1 = 104.1, P < 0.001). While homozygotes for the reference allele

15


https://doi.org/10.1101/2024.04.15.589509

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.15.5895009; this version posted April 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17
USC 105 and is also made available for use under a CCO license.

357  (0/0) were dominant among pure island individuals (94% of all genotypes), homozygotes for
358 the derived allele (1/1) formed the core of pure mainland individuals (97% of all genotypes).
359  Given this result, we considered the reference allele (0) as the island allele, and the derived
360 allele (1) as the mainland allele.

361 The evaluation of expected marginal means (phenotype averages corrected for within-
362 and among-ancestry genetic structure, blocks within the common garden, year of trait
363 measurements, and sample ID) revealed unequal fitness across reference, derived, and
364  heterozygous genotypes. For three out of the four phenotypic traits, individuals homozygous
365  for the island allele exhibited reduced fitness, while individuals homozygous for the mainland
366 allele exhibited greater fitness, with heterozygous genotypes intermediate to the two (Figure 3;
367  Appendix S4). These traits included tree height (cm), the number of conelets produced, and the
368 number of mature cones produced. For the number of immature cones produced, the
369 distribution of fitness among genotypes was slightly different. While homozygous individuals
370  for the island allele still exhibited the lowest fitness, fitness of homozygous individuals for the
371  mainland allele and heterozygous individuals were the highest, with no significant differences
372  between genotypes. We considered the mainland allele (1) as the local, and the island allele (0)
373  as non-local because both the common garden site and the mainland experiences warmer and
374 drier summers. Our results thus indicate that carrying at least one copy of the local allele
375 increases tree fitness, with a direct additive relationship between the dosage of mainland allele
376  and fitness for tree height (cm), the number of conelets produced, and the number of mature
377  cones produced (Figure 3).

378

379  Discussion

380  Local adaptation is common in tree species [65-68], but it is unclear when and how population

381  differentiation may drive the evolution of reproductive isolation. In Torrey pine, previous work
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382  hasshown that the island and mainland populations are genetically and phenotypically different
383  despite some recurrent gene flow, consistent with adaptation to differing environments [18,19].
384  Furthermore, asymmetric gene flow between populations when grown together provides some
385  evidence for the evolution of reproductive isolation [18]. Together, this suggests that the two
386  Torrey pine populations could be at an early stage of speciation. Here, we tested for further
387  evidence for the evolution of reproductive isolation by identifying loci that appear highly
388 differentiated between the populations, exhibit less recombination than expected, and are
389  associated with differential fitness effects. One highly diverged locus was associated with
390 fitness differences in the common garden, and could be a candidate locus for reproductively
391 isolating island and mainland Torrey pine populations on an ecological scale. Highly
392  differentiated loci were enriched for functions important in reproduction, such as growth,
393  pollination, and cell differentiation, suggesting these could be the mechanisms underlying the
394  evolution of reproductive isolation between the two populations.

395 While demographic modeling has provided evidence for historic speciation with gene
396 flow in pines [69,70], the specific molecular mechanisms underlying reproductive isolation in
397  conifers are not well understood [10]. We identified loci that may be involved in the evolution
398  of reproductive isolation between two populations, including pollination-related genes and one
399 allele associated with fitness differences expected when hypothesizing local adaptation,
400 suggesting that both intrinsic and extrinsic barriers could be contributing to reproductive
401  isolation in this species. These results thus identify potential molecular mechanisms underlying
402  the process of reproductive isolation in a critically endangered pine and suggest that differential
403  adaptation could be a driving force, which is important information for establishing optimal

404  conservation management strategies for this species.
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405  One locus shows patterns suggestive of extrinsic postzygotic reproductive isolation

406  We identified a locus that is divergent between the two populations and is also associated with
407  fitness differences (locus 4218 [APFE030529380.1:392010]). Individuals with the
408  “mainland” variant of this locus have higher growth and reproduction in the mainland common
409  garden, consistent with local adaptation to the hotter, drier environment shared by both the
410  mainland and garden environment (Appendix S1). The differentiation between populations at
411  this allele could result from differential selection if heterozygous hybrids have lower fitness in
412  both natural populations relative to individuals that are homozygous for the local variant. If
413  this locus experiences differential selection between the two Torrey pine populations, it could
414 contribute to reproductive isolation. While our results suggest that this locus may be beneficial
415 in the hotter, drier summers experienced by mainland environments relative to the island
416  population (Appendix S1), a reciprocal transplant of the two populations and their F1 hybrids
417  would still be required to definitively show that the non-local variant decreases fitness in both
418  natural populations.

419 While there is limited functional annotation for genomic regions proximal to this locus,
420 it does have the annotation “mitochondrion” (GO:0005739) and may be encoded in the
421  mitochondrion. Alternatively, it may represent ancient paralogy between nuclear and
422  mitochondrial genomes. The locus could also be part of a nuclear mitochondrial gene present
423 in the nucleus following mito-nuclear gene transfer, with its product interacting with
424 mitochondria. Consequently, the locus could be involved in cytoplasmic incompatibility
425  between the maternally-inherited mitochondrion and nuclear paternal genes (such as those
426  involved in pollen tube growth) [13,21], or with the chloroplast, which is paternally inherited
427  inpines [71,72].

428 Local adaptation is generally polygenic in forest trees [73,74], suggesting ecological

429  speciation may also have a broad genetic basis [15,75]. However, we only find one locus
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430  showing evidence consistent with ecological speciation. Because we used ddRADseq data and
431 only sampled a fraction of the genome of Torrey pine, it is likely that other loci underlying
432  reproductive isolation exist, but were not captured in this study. Some of the loci we identified
433  as highly diverged may be linked to loci under differential selection, resulting in divergence
434  among populations without an actual association with fitness. The fact that we identified a
435  locus linked to both reproductive isolation and fitness despite this limitation suggests that the
436  pattern may be more prevalent throughout the genome and could be better assessed using

437  whole-genome sequence data.

438  Functions of differentiated genes

439  If loci that are highly differentiated between island and mainland populations are "speciation
440  genes" underlying hybrid incompatibilities, differential adaptation, or both (or linked to

441  involved genes), they should be enriched for related functions [13,15,28,76]. Intrinsic barriers
442  are likely to be related to pollination or reproduction, and extrinsic barriers may be involved
443  in traits under divergent selection, such as abiotic or biotic conditions. We found that highly
444  differentiated loci were located near genes that were enriched for a wide range of functions
445  (Table 1). Similar to previous studies, enriched functions included those related to pollination
446  and development (“growth”, “pollination”, “cell differentiation’) [13,77]. This suggests that
447  these differentiated regions may be involved in intrinsic reproductive barriers, such as

448  pollination incompatibilities or failed development post-fertilization [78,79]. Other enriched
449  functions include broad categories such as “plasma membrane”, “kinase activity”, and

450  “biosynthetic process”, so it’s difficult to determine whether these genes could be involved in
451  adaptation to contrasting environments, particularly as only one differentiated gene was

452  associated with fitness differences in the common garden. Previously, island seedlings were
453  found to germinate later and have a lower growth rate than mainland seedlings [18], and the

454 enrichment of loci with the “growth” GO term may be related to these differential growth
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455  rates. It is also possible that the enriched functions are associated with fitness in traits or

456  environmental conditions that were not measured in the common garden.

457  Conservation implications

458  F1 hybrids between mainland and island populations exhibit heterosis, with a higher growth
459  rate and fecundity than either parental population [80]. Alone, this result would suggest that
460  the natural populations might benefit from genetic rescue, in which hybridization between the
461  two populations could introduce new genetic variation and mask deleterious homozygous
462  alleles. However, our results here warrant caution before introducing non-local or hybrid trees
463 into the wild. If the natural populations have already developed reproductive isolation,
464  introgression may result in decreased fitness that only presents in F2s and later generation
465  hybrids. Our data suggests that the island and mainland populations be managed separately at
466  present, but that future work should use crossing experiments and reciprocal transplants to
467  determine whether genetic rescue could have long-term benefits to the small populations of
468  this endangered tree species.

469

470  Conclusions

471  Taken together, the evidence of asymmetric barriers to gene flow, highly differentiated
472  genomic regions related to varying reproductive functions, and one highly differentiated locus
473  that associates with reduced fitness in individuals carrying one or two non-mainland alleles for
474 all four measured fitness metrics suggest that Torrey Pine populations are beginning to evolve
475  reproductive isolation, and this may be partly driven by adaptation to contrasting island and
476  mainland environments. In the future, whole-genome sequencing combined with development
477  of experimental crosses including F2s and backcrosses will be poised to identify the genes that

478  may be under divergent selection and contributing to the evolution of extrinsic reproductive
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479  isolation, and determine whether the two processes occur simultaneously through evolution in
480 the same genes, or independently through evolution in different genes [15].

481
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Tables

Table 1. GO annotations enrichment analysis. Listed are GO categories, GO terms, term
proportions for RI candidates (Cand), term proportions for randomly selected SNPs (Rand),
and the estimated FDR.
GO Category* GO Term Cand Rand FDR
cC plasma membrane 0.121 0.024 <0.001
MF Unknown molecular 0.136 0.082 0.048
functions
kinase activity 0.103 0.056 0.048
nuclease activity 0.049 0.021 0.055
other molecular 0.043 0.012 <0.001
functions
BP protein metabolic 0.035 0.01 <0.001
process
growth 0.026 0.002 <0.001
pollination 0.023 0.001 <0.001
secondary metabolic 0.02 0.007 0.054
process
cell differentiation 0.012 0.003 0.08
biosynthetic process 0.009 0.055 <0.001

* CC: Cellular Component, MF: Molecular Function, and BP: Biological Process.
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729  Table 2. SNPs significantly associated with one or more phenotypes (FDR < 0.1), including
730  tree height (cm), number of conelets, number of immature cones, and number of mature cones.
731  Listed are generic SNP IDs given for this study, SNP IDs retrieved from Pinus taeda draft
732 genome (scaffold ID:position on the scaffold), the trait(s) each SNP is associated with, the
733  effect of increasing the number of derived alleles on the associated phenotype(s), and the FDR
734 of the genotype-phenotype association.

735
Generic SNP ID within Phenotypic trait  Phenotypic FDR
SNP ID P. taeda genome association effect
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 APFEO030047412.1:104020 Nb conelets + 0.078
Nb mature cones + 0.057
locus_3004 APFE030371338.1:302521 Nb conelets + 0.078
locus_3676 APFE030458498.1:93076 NDb 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
736
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737  Figures
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740  Figure 1. Proportion (x axis) of each plant ontology (PO) term (y axis) associated with all 75
741 annotated (out of 184) RI candidate segments (5kb-long sequence flanking candidate SNPs).
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744  Figure 2. Proportion (x axis) of each gene ontology (GO) term (y axis) associated with all 75
745  annotated (out of 184) RI candidate segments (5kb-long sequence flanking candidate SNPs).

746 (@) Cellular Component (CC) terms. (b) Molecular Function (MF) terms. (c) Biological Process
747  (BP) terms.
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Figure 3. 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. Distinct bolded lowercase letters indicate
significant differences in phenotypes (adjusted P < 0.05) among genotypes (see Appendix S4
for details). Based on genotype frequencies (see Results), 0 was defined as the island allele,
and 1 as the mainland allele.
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