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ABSTRACT OF THE DISSERTATION 
 

Evidence of Hybridization and Introgression in Two Distantly Related, Sympatric Californian 

White Oaks (Quercus sect. Quercus) 

by 

Scott O’Donnell 

Doctor of Philosophy in Biology 

University of California, Los Angeles, 2023 

Professor Victoria Sork, Chair 

  

 Climate regimes are changing rapidly at a global scale and the rate of change often 

outpaces the ability of many species to evolve in response to changing selective pressures. It is 

possible that other evolutionary processes, such as introgressive hybridization, allow species to 

exchange alleles across species boundaries at rates that exceed the creation of novel adaptive 

alleles through mutation alone. By analyzing genomic sequence data for evidence of ancient 

adaptive introgression, we can characterize the role that this process played in the evolutionary 

history of these species and its potential under predicted future climate regimes. Here, we test for 

evidence of adaptive introgression in two hybridizing white oaks (Quercus sect. Quercus): the 

drought tolerant California shrub oak (Quercus berberidifolia) and the comparatively drought 

intolerant tree Engelmann oak (Quercus engelmannii).  

In Chapter 1, we use single nucleotide polymorphisms (SNPs) generated by reduced-

representation sequencing to test the likelihood of various ancient demographic models to 

identify the presence, timing, and direction of ancient introgression in this system. We 

discovered evidence of asymmetric introgression from Q. berberidifolia during the advent of a 
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Mediterranean-type climate, indicating a potential association between ancient gene flow 

between these species and large-scale climatic change.  

In Chapter 2 we used whole genome sequence data to characterize landscape-scale 

distribution of genetic diversity in both Q. engelmannii and Q. berberidifolia.  We also identified 

and compared candidate SNPs significantly associated with climatic gradients to neutral genetic 

diversity under current and future predicted climate models. Evidence showed that Q. 

engelmannii is likely well-adapted to current local climate conditions throughout its range and is 

more likely to become maladapted under future climate scenarios.  

In Chapter 3 we test for evidence of introgression in both species and identified any 

functional genes found in physical regions of introgression. We discovered significant genome-

wide evidence of introgression of functional genes associated with stress response in Q. 

engelmannii but did not find any significant evidence of introgression in Q. berberidifolia. This 

combined evidence suggests that ancient adaptive introgression with Q. berberidifolia may have 

allowed Q. engelmannii to adapt to past large-scale climate change. 
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Chapter 1 

Ancient introgression between distantly related white oaks (Quercus 

sect Quercus) shows evidence of climate-associated asymmetric gene 

exchange 

 

Abstract 

Ancient introgression can be an important source of genetic variation that shapes the evolution 

and diversification of many taxa. Here, we estimate the timing, direction, and extent of gene flow 

between two distantly related oak species in the same section (Quercus sect. Quercus). We 

estimated these demographic events using genotyping by sequencing data (GBS), which 

generated 25,702 single nucleotide polymorphisms (SNPs) for 24 individuals of California scrub 

oak (Quercus berberidifolia) and 23 individuals of Engelmann oak (Q. engelmannii). We tested 

several scenarios involving gene flow between these species using the diffusion approximation-

based population genetic inference framework and model-testing approach of the Python 

package DaDi. We found that the most likely demographic scenario includes a bottleneck in Q. 

engelmannii that coincides with asymmetric gene flow from Q. berberidifolia into Q. 

engelmannii. Given that the timing of this gene flow coincides with the advent of a 
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Mediterranean-type climate in the California Floristic Province, we propose that changing 

precipitation patterns and seasonality may have favored the introgression of climate-associated 

genes from the endemic into the non-endemic California oak.  
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Introduction 

Hybridization has long been recognized as an evolutionarily significant, naturally 

occurring phenomenon when related species come into contact (Anderson, 1949; Anderson & 

Stebbins, 1954; Arnold, 1997; Rieseberg & Wendel, 1993). The exchange of genetic variation 

between closely related taxa can influence patterns of diversification and evolution in 

hybridizing taxa (Abbott et al., 2016; Anderson & Stebbins, 1954; Harrison & Larson, 2016; 

Mallet, 2005). In addition, the incorporation of alleles into novel genomic backgrounds through 

recurrent interspecific gene flow (otherwise known as introgression) may enhance adaptation in 

hybridizing taxa (Abbott et al., 2016) as proposed by Anderson and Stebbins (1954). 

Contemporary evidence in support of the hypothesis of adaptive introgression has been observed 

in mosquitoes (Crawford et al., 2015), birds (Bay & Ruegg, 2017; Ruegg et al., 2014), postman 

butterflies (Heliconius spp.Dasmahapatra et al., 2012; Edelman et al., 2018) and canids 

(vonHoldt et al., 2016). Moreover, the formation of contemporary hybrid zones between plant 

taxa with varying degrees of introgression may result in adaptive introgression with examples 

from grasses (Becker et al., 2013), monkey flowers (Mimulus spp., Brandvain et al., 2014; 

Vallejo-Marin et al., 2016), irises (Iris spp., Arnold et al., 1991; Martin et al., 2006), poplar 

(Populus spp., Christe et al., 2016; Christe et al., 2017; Suarez‐Gonzalez et al., 2016; Suarez‐

Gonzalez et al., 2018), spruce (De La Torre et al., 2014; Hamilton et al., 2013), and sunflowers, 

(Helianthus spp. Rieseberg et al., 2003; Rieseberg et al., 1999; Whitney et al., 2015). With the 

recent increase in scrutiny on hybridization as an evolutionary process it is likely that it will be 

implicated in the local adaptation of a growing number of species of both animals and plants 

(Abbott et al., 2016; Anderson, 1949).  This makes it critical to understand the influence of 
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hybridization in the evolution of taxa that are well known for their ability to interbreed, such as 

oaks (Quercus spp.). 

Oaks are notorious examples of hybridization among species (Van Valen 1976).  Studies 

using nuclear markers (e.g., Dodd & Afzal-Rafii, 2004; Howard et al., 1997; Kremer, 2016; 

Rémy J Petit et al., 2004; Van Valen, 1976; Whittemore & Schaal, 1991) and chloroplast markers 

(Whittemore & Schaal, 1991) indicate that interspecific gene exchange is common between 

closely related oak species where their distributions overlap. Moreover, prevalence of 

hybridization between species when conspecific densities are low (R. J. Petit et al., 2004(a); 

Rémy J Petit et al., 2004(b)) suggests that hybridization allows reproduction when conspecific 

pollen is less available. If rates of gene flow are influenced primarily by the proximity and 

density of conspecific individuals, hybridization would likely be localized, sharing both neutral 

and potentially adaptive genes. Yet, other evidence suggests that hybridization between oaks may 

be more complex than can be explained by local population densities alone. For instance, 

differential strength of pre-zygotic reproductive isolation between different pairs of oak species 

indicates contemporary asymmetric gene flow between species is possible when species are 

sympatric (Lepais et al., 2013).  Additionally, contemporary hybridization between oak species 

has also been shown to have a stronger correlation with fine-scale environmental variables than 

spatial distance between conspecific individuals (Dodd & Afzal-Rafii, 2004), which implies that 

natural selection may shape patterns of gene exchange through introgression.  Recent studies 

have shown an association between the direction and extent of gene flow with specific selective 

pressures such as climatic niche overlap (Ortego et al., 2014; Ortego et al., 2015; Riordan et al., 

2016), fire regime (Ortego et al., 2017) and resistance to herbivory (Pearse & Hipp, 2009). These 

studies indicate that genetic variation introduced through hybridization between species is likely 
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shaped by selection caused by the environmental conditions at both the pre-zygotic and post-

zygotic stage of reproduction. 

One difficulty in identifying evidence of adaptive introgression is distinguishing between 

shared alleles due to a recent common ancestor or due to ancient hybridization events.  

Therefore, this study of ancient introgression will utilize two distantly related Californian oak 

species, California scrub oak (Quercus berberidifolia) and Engelmann oak (Q. engelmannii), 

which are within the same section (white oaks; Quercus sect. Quercus) but in different sub-

clades estimated to have diverged more than 40 MYA (Hipp et al., 2019). Currently, these two 

species form hybrid zones in southern California where they come into contact (Ortego et al., 

2014; Riordan et al., 2016).  However, it is not known when Q. engelmannii and its closest 

relatives from the Mexican clade of white oaks, now found in Arizona and New Mexico, 

extended into areas west of the Mojave Desert. The contemporary center of diversity of that 

clade is found in the sub-tropical forests of Mexico and Central America, leaving Q. engelmannii 

as its lone representative in the California Floristic Province (Hipp et al., 2018). Thus, the 

ancestral population or species of Q. engelmannii would have evolved under conditions of 

different seasonality of rainfall and temperature than what the species now experiences in the 

Mediterranean-type climate of southern California and northern Baja California, which has been 

associated with wide-spread diversification in plant taxa throughout the California Floristic 

Province (CFP) (Rundel et al., 2016). Conversely, Q. berberidifolia is a member of the 

California white oak clade that has been endemic to western North America since its divergence 

from the rest of the North American oak clade at ~40mya (Hipp et al., 2019). While their 

climatic niches broadly overlap, Q. berberidifolia is associated with hotter, drier conditions 

typical of chaparral ecosystems found throughout the CFP and Q. engelmannii is restricted to 
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more mesic conditions found at mid-elevation plateaus in the Peninsular Ranges and foothills of 

the San Gabriel Mountains in southern California and mid-elevation regions of northern Baja 

California (Figure 1A) (Ortego et al., 2014; Riordan et al., 2015; Riordan et al., 2016). Indeed, 

previous work demonstrates ancient introgression shows asymmetric patterns of gene flow from 

the shrub oak (Q. berberidifolia) into the tree oak, Q. engelmannii (Kim et al., 2018), but limited 

sample sizes prevented further testing of the hypothesis that asymmetrical gene flow from the 

currently widespread California endemic species into the Mexican-evolved  species was due to 

adaptation to changing environmental conditions. If the California endemic shrub oak is more 

adapted to the local climate conditions, then we would expect that retained genetic variants in Q. 

engelmannii from ancient hybridization would be biased towards those from Q. berberidifolia, 

rather than the other way around.   

In this study, we test whether ancient introgression is symmetric or asymmetric. If 

selection has influenced ancient introgression, we would predict that the species that is more 

adapted to local environmental conditions would contribute genes disproportionately to the other 

species.  Consequently, we expect that Quercus engelmannii, the species that arrived more 

recently in southern California would benefit from genes from the native endemic Quercus 

berberidifolia. We test these predictions by estimating the timing, extent and direction of 

introgression using a demographic modeling framework using the Python package DaDi 

(Gutenkunst et al., 2010). Specifically, we test the opposing hypotheses that (i) gene flow 

between species was low with little significant influence on the genetic composition of either 

species or (ii) levels of gene flow between species were extensive and played a large role in 

shaping genetic composition of one or both taxa. If the second hypothesis is supported, the 

direction of gene flow (i.e., symmetric vs. asymmetric) will determine whether each species 
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affected the evolutionary dynamics of the other equally or if the tree oak Q. engelmannii versus 

shrub oak Q. berberidifolia had a greater impact. We generated 25,702 single nucleotide 

polymorphisms (SNPs) as genetic loci through a method of reduced representation library 

sequencing (genotyping by sequencing (GBS), Elshire et al., 2011) of samples collected from 

both species throughout southern California where the ranges of the two species currently 

overlap (Figure 1B). We compared demographic models to address these questions: (1) What is 

the direction of ancient introgression between these two species? (2) When did this introgression 

occur? (3) Does the timing of this introgression coincide with periods of climate fluctuation in 

the California Floristic Province?   

 

Methods 

Study Species and Sample Design: 

The two study species are currently sympatric in southern California, and both are endemic to the 

California Floristic Province of western North America. Engelmann oak (Quercus engelmannii) 

is a tree oak representative of the clade of subtropical Mexican white oaks, while California 

scrub oak (Quercus berberidifolia) is a wide-spread, medium-to-large shrub in the California 

white oak clade with a range that encompasses the entire CFP from northern California south 

into the Baja California peninsula (Figure 1.1B). According to ecological niche modelling, Q. 

engelmannii is largely restricted to the cooler, wetter conditions found on mesas between 450-

1200m in elevation in Riverside, Orange and San Diego counties in southern California (Riordan 

et al., 2016). The distribution and ecological niche of Q. engelmannii  broadly overlap 

throughout its range with that of the widespread Q. berberidifolia, which is associated with drier 

climatic and microhabitat conditions (Figure 1.1A) (Riordan et al., 2016). Past evidence indicates 
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that the genetic diversity and genetic structure of Q. engelmannii are associated with past 

climatic suitability, which points to a core distribution in the mountains of the Peninsular Ranges 

in modern San Diego and Riverside counties (Ortego et al., 2012) and sampling was focused on 

this region (Figure 1.1A, 1.1B). In regions where their distribution overlaps, they form 

contemporary hybrid zones along microhabitat gradients as they share broadly similar climatic 

and habitat niche preferences (Riordan et al., 2016). Evidence of ancient introgression has also 

been shown between these species using reduced library sequencing data generated by the 

RADseq method (Kim et al., 2018). This combination of factors makes them a unique study 

system to examine the history of gene flow between oak taxa.  

 Leaf tissue was collected from two mature trees per species from twelve sites (24 total 

sites, 48 total samples), distributed throughout the range of overlap between Q. engelmannii and 

Q. berberidifolia in southern California, United States of America (Figure 1.1). Individuals were 

first identified to species in the field based on diagnostic morphological characteristics including 

leaf shape, trichome shape and trichome density (Roberts, 1995) following the methods 

described in previous work on this study system (Ortego et al., 2014; Ortego et al., 2017; Ortego 

et al., 2012).  Any morphologically intermediate individuals were excluded from sampling to 

minimize the impacts of contemporary hybridization on this study. Additionally any genetically 

intermediate samples identified using both STRUCTURE (Pritchard et al., 2000) (Figure 1.1C) 

and PCA analyses (Zheng et al., 2012) were also removed from any other downstream analyses 

(Figure 1.2).  
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DNA Extraction and Sequencing 

Leaf tissue was frozen in liquid nitrogen and processed using a mortar and pestle until 

ground into a fine powder. DNA extraction procedures followed a modified version of the 

Qiagen DNEasy plant extraction protocol. DNA was prepared using GBS sequencing protocols 

(Elshire et al., 2011) including a bead clean up step to ensure proper sized fragments. Libraries 

were sequenced at the Technology Center for Genomics and Bioinformatics at the University of 

California, Los Angeles on an Illumina Hiseq3000 (Illumina Inc. 5200 Illumina Way San Diego, 

CA) in August of 2017. To equalize coverage between species, samples were re-sequenced in 

July 2018. Samples were sequenced using two lanes (48 samples per lane) and the combined 

sequence data for each individual was used for this project.  

 

Variant calling and filtering  

Sequences were filtered for quality and sequencing depth and aligned to the Quercus 

lobata v.3.0 reference genome. We used GATK to call the SNPs according to the methods 

described in Fitz-Gibbon et al. (2017). To remove confounding effects of contemporary 

hybridization, we excluded samples identified as genetically intermediate using the principal 

component analysis methods implemented in the R package SNPRelate (Zheng et al., 

2012)(Figure 1.2). Additionally, we performed an analysis of population substructure using 

STRUCTURE (Pritchard et al., 2000).  STRUCTURE analysis was performed with a burn-in of 

10,000 reps and 10,000 MCMC runs for a hypothesized K of 1:5. Each run was replicated 15 

times for each K. The most likely number of clusters was determined using the Evanno method 

(Evanno et al., 2005) (Fig 1.1C). For these species, the most likely number of clusters was 2 with 

none of the individuals having over 15% proportion of ancestry from the other species after 
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initial filtering using SNPRelate (Figure 1C, 1D). Of the remaining samples, SNPs were 

stringently filtered for linkage disequilibrium (LD) using an r2 value of 0.4, a sliding window 

size of 500 bp and steps of 1 bp using plink v. 2.0 (Purcell et al., 2007). It is necessary to filter 

for LD to ensure that the results of model testing result in a true likelihood value to determine the 

best-fit model and minimize uncertainty associated with the estimated parameters of the 

hypothesized models (see Demographic Modeling below) (Coffman et al., 2015). After filtering, 

47 samples (23 Q. engelmannii and 24 Q. berberidifolia samples respectively) and 25,702 SNPs 

were used to determine the best fit demographic models. A 2D site frequency spectrum was 

generated using easySFS.py (available at https://github.com/isaacovercast/easySFS). For the 

final analysis and demographic model reconstruction, the folded SFS was used.  

 

 
 
Figure 1.1 Background information on the distribution, sampling regime and population substructure of the system. (A) Sample sites 
for both Q. berberidifolia (circles) and Q. engelmannii (triangles) (24 individuals per species, 48 total individuals) along an average 
monthly precipitation gradient produced using  average monthly precipitation data from the Worldclim database (Fick SE & 
Hijmans, 2017) , (B) sample sites with respect to the range of Q. berberidifolia (pink) and Q. engelmannii (blue) in California, (C) a 
STRUCTURE plot of the most likely number of genetic clusters (K=2) for the 47 sequenced individuals and their population 
assignments and (D) average proportion of ancestry (as pie charts) for each of the 24 populations labeled in (C) 
 

B

C

A
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Figure 1.2: SNPRelate results for the final dataset. Q. berberidifolia (circles) and Q. engelmannii (triangles) 
showing separate clusters of individuals for each species. Any genetically intermediate individuals were 
removed for final analysis. 

 

Demographic Modeling 

Demographic models were fit with the Python package DaDi (Gutenkunst et al., 2009). 

This method generates simulated site frequency spectra (SFS) according to specific hypothesized 

demographic scenarios that are then compared to SFS from sampled genetic data to determine 

the most likely demographic model. Models are specified using a series of free variables during 

model optimization that are associated with changes in demography, such as migration rates or 

population size expansion. The values of these parameters from the most likely demographic 

model can then be used as estimates for those parameters in each hypothesized scenario.  For 

each iteration, the simulated SFS were compared to the observed SFS and ranked according to 

their log likelihood scores. Model optimization was achieved by running 100 replicate 

simulations using the Inference.Optimize_log() command in DaDi that generates simulated SFS 

for the free parameter values used to define each model to determine which values for those 
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parameters that will result in the highest likelihood of the specified model. Models were 

compared using log likelihood values based on the number of free parameters used to define 

each model to determine the most likely demographic model for this system.  Each model was 

designed in a nested fashion with the simplest models being treated as a specialized version of 

the more complex models with the results from simpler models informing the development of the 

more complex models (see Appendix 1.1 for the complete list of hypotheses and their 

descriptions). A total of 15 hypotheses were tested and compared based on their number of free 

parameters. The parameter values of the global best fit model were then used to calculate 

effective population size of each species with respect to the ancestral population (ν1 and ν2), the 

timing of events such as divergence, secondary contact or bottleneck events (T), the number of 

effective migrants per generation (m in symmetric migration scenarios, m12 and m21 in the case of 

asymmetric migration) and changes in effective population size during  both bottlenecks or 

population expansion (νB and νF respectively). Because contemporary hybridization occurs 

between the two species, gene flow was considered ongoing from the point of secondary contact 

and the time point at which gene flow stopped was not included as a free parameter in the tested 

models. Uncertainties for each parameter were calculated using a Fisher’s Information Matrix 

through the dadi.Godambe.FIM_uncert() command in DaDi  (Coffman et al., 2015).  

Timing of events in the best fit model was estimated using a mutation rate of 1.01x10-8 

estimated from the analysis of heterozygosity in the valley oak genome (Sork et al., 2021) and 

total length of sequence (L) of 25,767 after filtering for LD.  All timing estimates were calibrated 

using estimated divergence times of a maximum of ~40mya as reported in the latest time-

calibrated global oak phylogeny to account for unknown variables such as variation in generation 

times between species (Hipp et al., 2019). Timing of specific events within each model was 
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estimated using an average generation time of 5 years, which is possible for shrub oaks and fast-

growing tree oaks such as Engelmann oak (VL Sork, personal observation). Generation times of 

10 and 20 years were also used to estimate the timing of these events, but these values resulted in 

the estimated divergence time between these species to be before the proposed crown age of the 

genus (see table S1 in Supplementary Materials). As surveys of Q. engelmannii have shown, 

most young trees do not persist in the environment or reach large sizes or advanced age classes, 

so it is likely that most individuals have relatively short life spans (Lathrop et al., 1991).  

 

Results 

 All subsets of models that included ancient gene flow performed better than those that did 

not include gene flow (Table 1.1). Of the simple set of models with an ancient divergence event 

coinciding with gene flow between species, the models that included ancient gene flow 

performed the best (Table 1.1). In all models, regardless of increasing complexity, those that 

included asymmetric gene flow performed the best, indicating that ancient gene flow was likely 

critical in the past demography of these species.  
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Figure 1.3: DaDi results for the site frequency spectrum of the most likely demographic model. The most likely demographic 
model (PreBotAsymEAM) includes a bottleneck in Q. engelmannii that coincided with the resumption of asymmetric gene 
flow between the two taxa. (A) Heatmap using the observed site frequency spectrum generated from sequence data of both 
species. (B) Heatmap of the site frequency spectrum of the most likely demographic model. Heatmaps of site frequency 
spectra (SFS) indicate which alleles are private to one species (boxes found on the x and y axes for Q. engelmannii and Q. 
berberidifolia respectively) compared to alleles that are shared to some extent between species (boxes that do not fall on the 
axes). The axes are labeled with the number of individuals for each species. Colors of boxes indicate the density or number of 
alleles in each given point of the heatmap. The residuals between the model and the data are presented as both a heatmap (C) 
and bar plot (D). 
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Table 1.1: Results of the six most likely demographic scenarios. The best fit model was PreBotAsymEAM, which included a 
bottleneck in Quercus engelmannii that occurred at the same time as asymmetric gene flow between both species. (See 
Appendix 1 for description of the other scenarios). 
 

Model Model Descrip-on 
Num. 

Params. LL AIC ∆AIC 

PreBotAsymEAM 
Asymmetric gene flow 

during boBleneck in QE 9 1851.70 3723.4 0 

SexpAM 
Popula-on expansion with 

asymmetric gene flow 6 -1873.43 3758.8576 35.4576 

BotAsymB 
Asymmetric gene flow 

during boFleneck in QB 9 -1878.71 3773.4152 50.0152 

P2ExpSM 
Popula-on growth in QB 

with symmetric gene flow 5 -1890.73 3791.45 68.05 

ABotAsymEAM 
Asymmetric gene flow 
aMer boFleneck in QE 9 -1895.32 3810.6346 87.2346 

 
 

 The best fit model when comparing the observed site frequency spectrum to the site 

frequency spectrum of a series of hypothetical models included an ancient split between the 

ancestors of Q. engelmannii and Q. berberidifolia followed by the initiation of gene flow during 

a bottleneck in Q. engelmannii, which persisted into contemporary times (Figure 1.3). Based on 

the most likely demographic model and an estimated generation time of 5 years, the split 

between the ancestors of these species occurred approximately 45mya (+/- 240,751 years) 

followed by a bottleneck in Q. engelmannii at ~10mya (+/- 151,000 years) that coincided with 

asymmetric gene flow that was greater from Q. berberidifolia into Q. engelmannii (m21 = 1.1489 

+/- 0.0078).  Gene flow continued throughout the bottleneck and into present day. Quercus 

engelmannii recovered to its current effective population size at ~8mya (+/- 215, 000 years) 

(Figure 1.4). Timing estimates were also calculated using 10 and 20 year generation times, but 
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divergence between the two species exceeded estimates for the crown age of the genus (Hipp et 

al., 2019) and are not reported here (see Appendix 1, Table S3). 

 

 

Figure 1.4: Visualization of the most likely demographic model with estimates of the timing of each specific demographic 
event. Purple arrows denote gene flow between species and thickness of the arrow indicates the rate of gene flow. Times were 
estimated using a mutation rate of 1.01x 10-8  and a generation time of 5 years. 
 

Discussion  

This study provides evidence that ancient introgression contributed to the genetic 

composition of southern California populations of both species, particularly Quercus 

engelmannii. As predicted, our hypothesis of asymmetric gene flow into the more recently 

arriving oak was supported. The most likely demographic scenario indicates that introgression 

between the two species is asymmetric due to higher rates of gene flow from Q. berberidifolia 

into Q. engelmannii. This pattern is similar to recent evidence found in other oak species where 

rates and direction of gene flow between species are variable (Lepais et al., 2013) and shaped by 

Q. engelmannii Q. berberidifolia

Species Diverge

20-10 mya

Bottleneck develops 
in Qe which coincides 
with asymmetric gene 
flow between species

Advent of the 
Mediterranean-type 
climate

10 mya

8 mya

45 mya

Bottleneck in Qe 
recovers. Asymmetric 
gene flow persists 
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environmental context (Dodd & Afzal-Rafii, 2004). Similar patterns are also seen as a result of 

large-scale environmental disturbances such as glaciation (Leroy et al., 2019) or human-mediated 

changes in fire regime (Ortego et al., 2017) in which gene flow has also been shown to be 

asymmetric.  

The timing of the initiation of gene flow between these two species also points to a period 

of large-scale climatic shifts during the transition to a Mediterranean-type climate in California. 

According to the most likely demographic model, Q. berberidifolia exerted greater influence on 

the genome of Q. engelmannii in terms of overall amounts of gene flow. While it was an ongoing 

exchange over the last ~9 million years, the initiation of this exchange seems to be associated 

with the emergence of a Mediterranean type climate in the California Floristic Province, which 

has been estimated to have occurred between 10-20mya (Rundel et al., 2016). This climatic shift 

is associated with a reduction in size of populations of Q. engelmannii that occurs 

simultaneously with gene flow between species. Even when extending the length of generation 

times, the initiation of gene flow during secondary contact and the formation of a genetic 

bottleneck in Q. engelmannii still occur during the transition to a Mediterranean-type climate in 

California. This type of association of changes in demographic parameters with large-scale 

climatic shifts has been seen in European oaks in response to glaciation cycles (Leroy et al., 

2017).  In light of contemporary population decline and predictions of further loss of suitable 

habitat throughout its current range as climatic conditions in California are predicted to be hotter 

and drier (Riordan et al., 2015), it is likely that Q. engelmannii is poorly adapted to survive 

outside of its narrow niche of low to mid-elevation plateaus in southern California and will be 

under greater threat of population declines in the future. It is possible that ancient introgression 

allowed this species to persist and current hybridization may continue to play that role.  
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Our findings revealed that the most likely demographic model did not include significant 

reductions in population size in Q. berberidifolia as were seen in Q. engelmannii, which implies 

that Q. berberidifolia may have been able to avoid similar reductions in population size even 

under large-scale climatic shifts. Perhaps Q. berberidifolia was not as strongly affected by such a 

shift and was able to rapidly adapt to changes in climate. Under this demographic scenario it is 

possible to infer that Q. berberidifolia had higher fitness during this transitionary period, which 

may explain the higher rates of gene flow from Q. berberidifolia into Q. engelmannii. Two 

alternative explanations are possible. The larger population sizes of Q. berberidifolia populations 

could have led to differential pollen swamping of Q. engelmannii, a process that has been 

hypothesized in European oak taxa (Lepais et al., 2009).  In addition, the asymmetrical gene flow 

could also be promoted by other pre-zygotic barriers, such as asymmetric overlap in flowering 

time or differential pollen competition between species (Lepais et al., 2013). Gene flow between 

species could have altered phenological responses in either species, as has been shown in 

monkey flowers (Mimulus spp.) (Brandvain et al., 2014), which could further reinforce 

asymmetric gene flow between species. Finally, evidence of asymmetric introgression could be 

due to the transfer of adaptive genetic material across species boundaries (Barton, 2001).  Given 

that the ancient asymmetrical gene flow coincides with the transition to a Mediterranean-type 

climate in the initiation of gene flow between these species, the evidence supports the adaptive 

introgression hypothesis, but does not preclude the others. 

This study provides circumstantial evidence that asymmetrical introgression may reflect 

the exchange of adaptive genetic variation from the California endemic oaks into the more 

distantly related Mexican clade. The next step would be to examine whole genome sequences to 

identify and classify regions of introgression throughout the genome. For example, recent studies 
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of humans and multiple other extinct hominid species found evidence of introgression 

throughout the human genome (Green et al., 2010; Sankararaman et al., 2014; Vernot et al., 

2016).  Using statistical approaches such as D-statistics (Green et al., 2010) and S* (Vernot et al., 

2016) in the analysis of whole-genome data, it is possible to identify regions of the genome that 

are more similar to other species than expected by chance alone. By mapping these regions to a 

well annotated reference genome, these studies were able to show that functional genes were 

involved in introgression. The two distantly related species examined here provide an excellent 

opportunity to test adaptive introgression in oaks and identify whether genes associated with 

climate were involved.  
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Chapter 2 

 

Environmental association analysis reveals candidate loci involved  

in local adaptation and future maladaptation in two hybridizing  

white oak (Quercus sect. Quercus)  

 

Abstract 

Landscape genomic techniques have been used to identify patterns of local adaptation and are a 

vital tool in developing successful conservation plans for many plant and animal taxa. 

Comparing patterns of local adaptation in species that share similar geographic distributions can 

reveal how selection influences the evolution of different taxa within similar geographic regions. 

Of increasing concern in conservation biology is the effect that selection plays on hybridization 

and introgression between compatible taxa.  This study aims to use this framework to compare 

two hybridizing oak taxa; Quercus engelmannii and Q. berberidifolia, to identify which climatic 

variables may be shaping patterns of local adaptation in each species and whether selection may 

favor the exchange of adaptive alleles through hybridization and introgression. Using a 

landscape genomic method, Gradient Forest, which maps the whole genome sequence data of 92 

Q. engelmannii individuals and 79 Q. berberidifolia individuals onto geographic and climate 

gradients, we found that the most important climatic factor was precipitation seasonality for both 

species within the region of their distribution that overlaps. When comparing current predicted 
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geographic patterns of genomic diversity to predicted patterns of genomic diversity under future 

climatic scenarios, our results indicated a pattern of potential maladaptation under future climate 

scenarios in eastern populations of Q. engelmannii, but not Q. berberidifolia. We conclude that 

further climate warming is likely to result in maladaptation in Q. engelmannii, but hybridization 

with the more drought tolerant shrub oak may provide a source of adaptive variation that will 

mitigate against maladaptation.    



 

 32 

Introduction 

 Generating accurate assessments of the drivers of local adaptation and species 

distributions is one of the most critical priorities as we attempt to develop and improve 

conservation efforts in light of rapidly changing climate regimes (Manel & Holderegger, 2013; 

Shaffer et al., 2022).  This priority is especially true for sessile organisms such as plants, which 

often are unable to migrate fast enough to avoid rapid climatic or environmental upheaval, yet 

still show signatures of selection throughout their geographic distribution (Browne et al., 2019; 

Gugger et al., 2021; Sork et al., 2013).  By analyzing the correlation between spatial patterns of 

genetic diversity in plant taxa and environmental factors using landscape genomic techniques, 

such as environmental association analyses (EAAs), it is possible to identify the association 

between climate and evolutionary processes, including genetic drift, the development of potential 

abiotic barriers to gene flow between populations, and demographic history correlated with 

environmental factors (De La Torre et al., 2014; Holliday et al., 2017; Sork et al., 2013; Storfer et 

al., 2018).  When selection results in a given phenotype having increased fitness in a local 

environment over phenotypes from other environments, then the frequencies of the alleles 

underlying that phenotype will follow the environmental gradient that is generating that selective 

pressure (Savolainen et al., 2013; Savolainen et al., 2007; Storfer et al., 2007).  Thus, it is likely 

that climatic factors can influence the distribution of genetic and genomic diversity within the 

distribution of a species (Savolainen et al., 2013). Increases in the availability and application of 

whole genome sequencing techniques have led to an expansion of landscape genomic methods, 

which can identify potentially adaptive loci underlying local adaptation (Fitzpatrick & Keller, 

2015; Frichot et al., 2013; Holderegger & Wagner, 2008; Rellstab et al., 2015; Van Strien et al., 

2012). Furthermore, by utilizing advanced climatic modeling data, predicted future 



 

 33 

environmental conditions can also be used to predict future genetic and genomic turnover in 

response to changing environmental conditions (Shryock et al., 2021). Therefore, a landscape 

genomic approach can offer insight into how current and future climatic conditions affect the 

evolution of species in their native range. 

 Hybridization is one evolutionary process that is likely strongly associated with local 

climatic gradients and may also serve as a source of local adaptation through the exchange of 

alleles that improve fitness across species boundaries (Abbott et al., 2016; Anderson & Stebbins, 

1954; Arnold, 1997; Barton & Hewitt, 1985). Adaptive introgression has recently become 

recognized as a much more important influence on the adaptation and persistence of many plant 

taxa with examples in poplar (Populus spp.) (Christe et al., 2017; Suarez-Gonzalez et al., 2017), 

spruce (Picea spp.)  (Hamilton et al., 2013) and oaks (Quercus spp.) (Leroy et al., 2020). 

However, previous studies that have identified signals of adaptive introgression have not focused 

on the environmental or climatic factors that may be driving local adaptation and thus patterns of 

introgression throughout a species distribution and its overlap with any potential reproductively 

compatible conspecific individuals (Abbott et al., 2016). An important first step in identifying 

adaptive introgression should be the characterization of the environmental gradients driving local 

adaptation and the alleles that are potentially associated with those gradients.   

Oaks (Quercus spp.) represent a candidate system to study the effects of climate on the 

distribution of neutral versus candidate loci for local adaptation. Landscape genetic and genomic 

analyses have shown evidence of local adaptation in valley oak (Q. lobata) (Gugger et al., 2021; 

Sork et al., 2013), netleaf oak (Q. rugosa) (Martins et al., 2018), and cork oak (Q. suber) 

(Vanhove et al., 2021). By utilizing comparisons of background genomic variation to candidate 

loci for local adaptation, it was also possible to identify regions of the distribution of each of 
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these oak species that are sensitive to selective pressures associated with climatic variables and 

which of these variables are most important in driving local adaptation (Gugger et al., 2021; 

Martins et al., 2018; Vanhove et al., 2021). Oaks are also known to hybridize within phylogenetic 

sections and evidence indicates that patterns of hybridization are potentially associated with 

ecological factors (Burge et al., 2019; Howard et al., 1997; Van Valen, 1976).  The development 

of hybrid zones between oak taxa has been associated with climatic niche and environmental 

stability, indicating that hybridization is a dynamic process in oaks that is strongly associated 

with local environmental conditions (Ortego et al., 2014; Ortego et al., 2015). Utilizing 

landscape genomic methods for observed allele frequencies in contemporary oak species has 

shown evidence of adaptive introgression associated with climate gradients in European oaks 

(Leroy et al., 2020). Additionally, the extent and direction of hybridization and introgression has 

been associated elevational gradients (Burge et al., 2019) and fire disturbance regime (Ortego et 

al., 2017), which points to a significant role of selection in shaping patterns of introgression 

between oak taxa.  

The overall goal of this chapter is to identify and compare the distribution of genomic 

variation of two hybridizing species, especially genomic variation that is associated with climate 

variables, to understand the extent to which the environment may favor hybridization and 

introgression. The two hybridizing oak species, Engelmann oak (Q. engelmannii) and California 

scrub oak (Q. berberidifolia), have overlapping distributions and environmental niches, but 

divergent ecological preferences along fine-scale geographical gradients (Ortego et al., 2014; 

Riordan et al., 2016). The dynamics of such fine-scale geographic gradients allow an extensive 

opportunity for hybridization and introgression to occur between these species (Ortego et al., 

2014). Species distribution modelling efforts have revealed strong associations between the 
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distribution of both species and similar environmental factors such as temperature seasonality 

and precipitation seasonality due to their broadly overlapping distributions (Riordan et al., 2016). 

EAAs have revealed a relationship between two climatic factors, precipitation seasonality and 

winter precipitation, with genetic gradients in Q. engelmannii using microsatellites.  However, 

similar trends could not be drawn for Q. berberidifolia (Riordan et al., 2016). Using whole 

genome sequence data, it is more feasible possible to simultaneously detect both neutral and 

putative adaptive genetic variation to determine if patterns of local adaptation are driven by 

different environmental factors in each species (Fitzpatrick & Keller, 2015). Furthermore, by 

utilizing future climate models, it will be possible to determine if there are portions of the range 

of each species that will be susceptible to future shifts in climate regimes and whether there is 

overlap in the geographic distribution of hybrid tension zones and predicted future patterns of 

adaptive genomic diversity.  

 This chapter will utilize whole-genome resequencing data to (i) identify the climatic 

variables that have the strongest influence on the distribution of neutral genomic diversity in 

each species; (ii) use latent factor mixed modeling to identify outlier loci associated with climatic 

variables to develop a set of potentially adaptive loci; (iii) map neutral and putatively adaptive 

genomic diversity of each species to identify the areas of each species distribution are exhibiting 

the strongest signals of genomic offset due to climate-associated selection and highlight 

populations of conservation concern, and (iv) compare the current distribution of climate-

associated outlier loci to future predicted distributions under two potential future climate 

regimes. This framework will allow us to assess the influence of climatic factors in local 

adaptation and how patterns of local adaptation are distributed across the landscape. If divergent 

patterns of local adaptation under similar selection regimes occur in this system under changing 
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climate scenarios, then the potential for adaptative introgression may increase over time as well. 

By understanding the potential for adaptive introgression future research can then be extended to 

what alleles are being exchanged and what impacts on the fitness of individuals they may have. 

 

Methods 

Study system 

 The two study species, Engelmann oak (Quercus engelmannii) and California scrub oak 

(Q. berberidifolia), have broadly overlapping distributions in southern California. Quercus 

engelmannii is a tree oak with a restricted distribution south of the San Gabriel Mountains in 

southern CA and Baja California, Mexico. Sampling for this project was restricted to the two 

disjunct populations in southern California. (Figure 2.1). It is a medium-large sized tree with a 

restrictive habitat preference of mesas with well-developed soil between 500-1500m in elevation 

(Scott, 1991). Q. berberidifolia is a shrub growing up to 3m in height and has a widespread, 

coastal distribution in California. Q. berberidifolia is strongly associated with mixed chaparral 

ecosystems in which it can be a locally dominant species throughout its range. In southern 

California, these species share broadly similar habitat niches and geographic distributions, but 

their habitat preferences result in ecological separation across fine-scale geographic distances 

throughout the area in which their distributions overlap (Ortego et al., 2014; Riordan et al., 

2016).  
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Figure 2.1: A distribution map of Quercus berberidifolia (pink) and Q. engelmannii (blue) across California, 
USA excluding portions of their distribution in Baja California, MX. 

 

Sampling and DNA Extraction 

 Range-wide sampling was conducted for each species: 98 Quercus engelmannii 

individuals and 100 Q. berberidifolia (Fig. 2.2).  Fresh leaf tissue was collected from each 

individual and store on ice until transferred to long-term storage at -80C. DNA was extracted 

using a modified Qiagen DNEasy mini plant kit, which utilized liquid nitrogen to flash-freeze the 

leaf tissue and manual grinding using a mortar and pestle and two additional repetitions of the 

prewash steps.  
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Figure 2.2: Sampling sites for Quercus engelmannii (A) and Q. berberidifolia (B). 

 
Sequencing and Variant Calling 

 Extracted samples were sent to the genomic sequencing core at University of California, 

Davis for library preparation and sequencing. Libraries were prepared using a custom SeqWell 

kit designed for ½ reaction volume due to low DNA quantities per sample. Sequences were 

mapped to the reference genomes for Quercus engelmannii and Q. berberidifolia respectively 

following methods previously used for other oak species (Fitz-Gibbon et al., 2017). Variants 

were called using the default parameters in the package ForestQC (Li et al., 2019). Samples that 

did not meet the threshold of 7x total mapped coverage were discarded from downstream 

analysis resulting in a total of 79 Quercus berberidifolia individuals and 92 Q. engelmannii 

individuals respectively. For each sample, biallelic markers were retained and filtered for linkage 

disequilibrium using sliding windows of 50bp moving 1bp each step and an r2 value of 0.5 with a 

minor allele frequency of 0.065 using Plink v. 2.0  (Purcell et al., 2007). 
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LFMM Methods 

 Outlier SNPs associated with climatic variables were identified using latent factor mixed 

modeling (LFMM) (Frichot et al., 2013) in R 4.2.1 (Team, 2022) using the package “LEA” 

(Frichot & François, 2015), following the methods previously described for landscape genomic 

analysis in other oak taxa (Gugger et al., 2021; Martins et al., 2018). Briefly, to control for 

underlying population structure, the discrete number of genetic clusters (K) and admixture 

coefficients were identified using SNMF. The most likely number of clusters were chosen where 

cross-entropy plateaus for each species. The most likely number of genetic clusters for each 

species were then used as latent factors and missing SNP data was imputed using commands in 

the package “LEA”  as recommended by the authors (Frichot & François, 2015; Frichot et al., 

2013).  

Climate variables were downloaded from the worldclim database at a resolution of 10 

seconds (Fick & Hijmans, 2017). Climate variables were filtered for autocorrelation and the 

remaining variables used for this analysis were Bio 3; isothermality, Bio 6; mean temperature of 

driest quarter, Bio 13; precipitation of wettest month, Bio 15; precipitation seasonality, Bio 14; 

precipitation of driest month, and elevation. LFMM was run to determine the association of 

SNPs with environmental factors using 10 repetitions, a burn-in of 5,000 steps with 10,000 

iterations.  SNPs were ranked according to probability of association with climate variables 

based on their z-score value. Resulting z-scores were converted to q-values using the “qvalue” 

2.6.0 package in R to determine the statistical significance of z-score values. SNPs with a q-

value < 0.01 and a z-score of >5 were chosen to select loci that had a significant association with 

climatic gradients that also were of large effect size. These steps were repeated for a subset of 
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Quercus berberidifolia individuals that comprised only the southern portion of the range of the 

species to compare the distribution of genetic offset between current climate-associated outliers 

and their predicted distributions under multiple future climate scenarios. 

 

Gradient Forest Methods 

 We ran Gradient Forest using the “LEA” package in R for both genomic diversity in all 

contexts as well as candidate outlier loci identified by LFMM. Gradient Forest utilizes a machine 

learning approach to identify non-linear relationships between genomic data and climatic or 

environmental variables across the landscape (Fitzpatrick & Keller, 2015). To compare and 

reinforce the associations between climate and outlier alleles identified using LFMM, Gradient 

Forest was run twice for each species: once using a subset of 10,000 random SNPs and once 

using outliers identified in LFMM. The climatic variables used were the same variables 

described in the LFMM methods (see above).  Because Gradient Forest does not explicitly test 

for associations between allelic variables and geographic variables, a set of principal coordinates 

of neighborhood matrices (PCNM), otherwise known as Moran’s eigenvector maps (MEM) were 

developed using geospatial coordinates of the sampled individuals using the “pcnm" function in 

the R package “vegan” (Oksanen et al., 2013). Gradient Forest was run using the default 

parameters as recommended for each SNP dataset  (Fitzpatrick & Keller, 2015). 

 Gradient Forest results were mapped using the “predict” function, which acts to predict 

genetic variation across all grid cells. The principal components of the predicted genetic diversity 

were used to generate a red-blue-green color scale for the first three PC axes for each iteration of 

GF according to the methods outlined in Fitzpatrick and Keller (2015). This function also 

provides the importance of each variable to the prediction of the distribution of genomic 
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diversity. It is important to note that this does not quantify the predictive power of each variable, 

but only the weighted relative importance of individual predictive values (Figure 2.4).  We 

identified the top 5 most important predictor variables and compared them both across species 

using all SNPs and only outlier SNPs. To identify genomic offset between all SNPs vs. outlier 

SNPs, the GF results for each category were compared independently for each species using a 

Procrustes superimposition in “vegan”.  The resulting Procrustes residuals were mapped to 

highlight the absolute distance in genetic composition between outliers and all SNPs and identify 

regions of each species distribution where genomic offset was highest.  

To model potential vulnerability of both species under future climate regimes we 

measured genetic offset, which is proportional to FST between current and future populations. 

Genomic offset can be used to represent the expected difference in allele frequencies between 

current and future climate conditions (Fitzpatrick & Keller, 2015). The same steps were repeated 

for two predicted climate scenarios in California that represent a warmer wetter (MIROC-ESM6-

1) and hotter, drier (CNRM-ES6-1) climate scenario. Outlier SNPs identified using LFMM for 

Q. engelmannii and Q. berberidifolia were used to predict future genetic offset under both 

climate scenarios. To compare local adaptation in both species under the same geospatial extent 

and the area of secondary contact between them, individuals of Q. berberidifolia were restricted 

to populations from south of the Transverse Ranges in southern California. Outliers identified by 

LFMM were used in Gradient Forest analyses to predict future genetic turnover under both 

scenarios. Genetic offset was identified by comparing the predicted genetic turnover of outlier 

SNPs under each future climate scenario to current predicted genetic turnover.  Procrustes 

residuals of these comparisons were mapped to identify predicted geographic regions of high 

genetic offset under each scenario.  



 

 42 

 

Results 

LFMM 

 SNMF results for Quercus engelmannii indicate that the most likely number of genetic 

clusters in this sample is 4 (K=4). Q. berberidifolia had a most likely number of genetic clusters 

of 2 (K=2) for the range-wide dataset. To account for any additional hidden substructure in 

southern populations, K= 3 was used when identifying outliers in only southern populations 

(Fitzpatrick & Keller, 2015). For LFMM analyses, a K=4 was used as a latent factor for Quercus 

engelmannii. For Q. berberidifolia, a K=2 and a K=3 were used as latent factors for range-wide 

and southern populations respectively.  After filtering for q and z scores, a total of 2,502 outlier 

alleles significantly associated with climate gradients were identified using the range-wide 

dataset for Q. berberidifolia and a total of 780 climate-associated SNPs were identified in the 

southern populations. A total of 55 climate-associated outlier alleles passed filtering thresholds 

for Q. engelmannii. These outliers were then used in downstream Gradient Forest analyses.  

Gradient Forest Results 

Gradient Forest analyses indicate that overall genomic turnover in both Quercus 

engelmannii and Quercus berberidifolia are strongly correlated with numerous but differing 

climatic variables (Figure 2.3). In both species, the most important variables determining the 

distribution of genomic diversity were related to “hidden” geospatial variables, but precipitation 

seasonality and minimum temperature of coldest month were among the top five most important 

variables in shaping neutral genomic diversity in Q. engelmannii and Q. berberidifolia 

respectively (Figure 2.3A and 2.3C. respectively). This indicates that differing climatic variables 

are key in shaping the range-wide patterns of genomic diversity in each species. However, when 
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only including individuals from southern populations of Q. berberidifolia, GF analyses indicate 

that the most important factor in shaping genomic diversity was precipitation seasonality with 

less of an impact of geospatial variables. Precipitation seasonality was also important in shaping 

the species distribution models of both species (Riordan et al., 2016).  

Genetic offset under current climate conditions 

Genetic offset between overall genomic diversity and candidate adaptive loci in Q. 

engelmannii reveals stronger divergence in genomic turnover between neutral and potentially 

adaptive genomic variation along the eastern edge of its distribution (Figure 2.4C). Additionally, 

there are signals of genetic offset found in the disjunct northern population, which may be 

associated with population substructure. The core distribution of the species shows little genomic 

offset between overall genomic turnover and turnover at outlier loci identified using LFMM, 

which points to a strong association between the west-east gradient in precipitation seasonality 

and signals of selection for outlier loci. 

Genetic offset between neutral and outlier candidate loci revealed differences in 

distribution of neutral genetic variation and outlier loci in multiple areas of the range of Q. 

berberidifolia (Figure 2.4F). Genomic offset was strongest in the Tehachapi Mountains and along 

the southeastern edge of its distribution in southern California. When including only southern 

populations, the major areas of genomic offset were along the eastern edge of its distribution, 

which directly overlaps with high areas of genetic turnover of outlier loci in Q. engelmannii and 

points to a similar relationship with precipitation seasonality gradients in this species. However, 

the magnitude of genetic offset is lower in Q. engelmannii (Figure 2.4C).  
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Figure 2.3: Bar plots of the relative weighted importance (y-axis) of predictor variables in predicting patterns of 
genomic diversity using Gradient Forest. The top row represents the importance values for Q. engelmannii using all 
loci (A) and outlier loci only (B). The bottom row represents the most important predictor variables for all and 
outlier loci in Q. berberidifolia (C and D respectively). PCNM variables represent “hidden” geographic variables 
while “bio” variables represent bioclim climatic variables. 

  

A B 

D C 
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Genetic offset between neutral and outlier candidate loci revealed differences in 

distribution of neutral genetic variation and outlier loci in multiple areas of the range of Q. 

berberidifolia (Fig. 2.5). Genomic offset was strongest in the Tehachapi Mountains and along the 

southeastern edge of its distribution in southern California. When including only southern 

populations, the major areas of genomic offset were along the eastern edge of its distribution, 

which directly overlaps with high areas of genetic turnover of outlier loci in Q. engelmannii and 

points to a similar relationship with precipitation seasonality gradients in this species. However, 

the magnitude of genetic offset is lower in Q. engelmannii (Figure 2.4C).  

 
Figure 2.4: Gradient Forest results for neutral genomic turnover (A, D), outlier loci (B, E) and genomic offset (C, F) due to 
environmental factors for Q. engelmannii (A:C) and Q. berberidifolia (D:F). The circles represent sampling sites for each species 
respectively. Similar colors on GF maps (A, B, D, E) represent similar genomic clusters while different colors represent predictions 
of unique genomic clusters associated with environmental variables. Greater genomic offset in figures C and F is represented by 
darker colors with red representing the strongest signals of genomic offset. 
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Genetic offset under future climate scenarios 

Predicted future genomic offset of Q. engelmannii increases in magnitude under both 

warmer and wetter and hotter and drier future climate models, but genomic offset in Q. 

berberidifolia remains stable in both scenarios. Similar to patterns of current genetic offset, the 

regions with greatest genetic offset are found along the eastern edge of the distribution of Q. 

engelmannii and are similar in magnitude under both potentially warmer, wetter, and hotter, drier 

future climate scenarios (Fig 2.5A and 2.5B). Under the same future climate scenarios, the 

genetic offset between current outliers and their predicted future allele frequencies does not show 

a significant change in either scenario (Fig 2.5C and 2.5D). 

 

Figure 2.5: Plots of predicted future genomic offset under warmer, wetter (MIROC-ESM; A and C) and hotter, drier (CRNM-CS6-
1; B and D) climate conditions for Q. engelmannii (top row) and Q. berberidifolia (bottom row). Lighter colors indicate stronger 
signals of genomic offset.  
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Discussion 

Our results indicate that Quercus engelmannii is strongly adapted to current climatic 

conditions and more susceptible than Q. berberidifolia to changing future climatic regimes. In 

Quercus engelmannii the most important variables shaping the distribution of genomic diversity 

were geospatial variables, but precipitation seasonality was the most important climate variable 

in driving the distribution of neutral and adaptive genomic diversity. Precipitation seasonality 

was also shown to be important in previous landscape genetics analyses using neutral genetic 

markers as well as in defining the distribution of the species (Riordan et al., 2016). This 

agreement indicates that this climatic variable is the driving force behind adaptation, population 

diversification, and species distribution and is likely a strong selective pressure on the species. 

Range-wide GF results indicate that the most important variables shaping the distribution of 

genomic diversity in Q. berberidifolia are primarily geospatial, but minimum temperature of 

coldest month was the most important climatic variable. SDMs predicted that the most important 

environmental variables shaping the distribution of Q. berberidifolia included temperature 

seasonality and precipitation seasonality (Riordan et al., 2016). However, precipitation 

seasonality was most important in predicting the distribution of genomic diversity when 

controlling for only southern populations of Q. berberidifolia. It is possible that while similar 

variables may be important in shaping the overall patterns of genomic diversity in both species 

where their ranges overlap, the genomic offset between overall genomic diversity and putatively 

outlier alleles are higher in Q. engelmannii than in populations of Q. berberidifolia along similar 

portions of their distributions. Evidence of this genomic offset grows stronger under both wetter 

and drier future climate scenarios in Q. engelmannii, which may show evidence of populations of 

future conservation concern for the species. When combining evidence of potential 
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maladaptation in Q. engelmannii throughout its range with the predicted stability of populations 

of Q. berberidifolia, the potential for introgression may exist between these two species. 

Gradient Forest results for Q. engelmannii indicate a significant relationship between 

geospatial variables and patterns of genomic diversity, but precipitation seasonality is also 

significantly associated with shaping landscape genomic distributions. This variable was also 

found to be significant in shaping neutral genetic variation and with overall species distribution 

models. It is likely that the narrow habitat preference of Q. engelmannii is strongly associated 

with local patterns of precipitation, which serves as a strong selective pressure limiting the 

overall distribution of the species (Ortego et al., 2014; Scott, 1991). Even though neither genetic 

nor genomic population substructure is found between populations found at the eastern edge of 

its distribution and the core distribution of the species, genomic offset shows divergence of 

outlier alleles in this area. Such a divergence in outlier alleles provides evidence of selective 

pressures due to variables effecting both the distribution of the species and patterns of genomic 

diversity of adaptive alleles, which has been seen in other oak species and may mark these 

populations as important to conservation efforts (Gugger et al., 2021; Martins et al., 2018). By 

comparing current distributions of outlier alleles to their predicted distributions under both 

climate scenarios, this predicted genetic offset increased in magnitude and may represent a signal 

of maladaptation to future climate scenarios in those populations (Capblancq et al., 2020).  

Similar results were found in popular (Populus spp.) (Fitzpatrick & Keller, 2015) and desert 

plantain (Plantago ovata) (Shryock et al., 2021), and the findings for current and future climate 

models were used to identify populations for conservation priority. When combined with 

previous work that predicts a significant loss of suitable habitat for this species under future 

climate change scenarios, our findings highlight that Engelman oak, a major tree oak in the 
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southern part of  California,  should be one of significant conservation concern (Riordan et al., 

2015).  

When controlling for populations found in southern California, GF results indicate that 

the most important climatic variables in shaping the distribution of genomic diversity in Q. 

berberidifolia are the same as those found to be important in Q. engelmannii. Range-wide results 

for Q. berberidifolia show minimum temperature in the coldest month is the most important 

climatic variable associated with the distribution of neutral and adaptive genetic variation in the 

species. However, here their populations overlap, similar climatic variables seem to be shaping 

the genomic diversity of both species along similar climatic gradients. Similarly, to Q. 

engelmannii, the strongest signals of genomic offset between neutral and adaptive candidate 

alleles occur along the southeastern edge of its range as well as in the Tehachapi Mountains in 

southern California. Genomic offset is not strong throughout the rest of its range, even when 

comparing northern and southern populations separated by the Transverse Ranges, which have 

been identified as a significant barrier to gene flow in this species (Sork et al., 2016). Regions of 

high genomic offset are also associated with areas that are either known to show unique patterns 

of genomic diversity in other oak species (i.e., Q. lobata in the Tehachapi Mountains; (Gugger et 

al., 2021)) or possibly represent the extreme edge of the species distribution near the transition to 

desert habitats in southeastern California. Genetic offset under future climate models does not 

indicate a significant increase in genomic offset of outlier loci under either warmer, wetter, or 

colder, drier climate scenarios. A weaker signal of genomic offset likely indicates that Q. 

berberidifolia is under less threat than eastern populations of Q. engelmannii under predicted 

future climatic conditions (Capblancq et al., 2020). However, a lack of maladaptation to future 

climate conditions in Q. berberidifolia combined with an overlap in significant climate variables 



 

 50 

potentially underlying selection in both species can provide the opportunity for adaptive 

introgression between these species. 

The hybrid system of Q. engelmannii and Q. berberidifolia possesses many of the key 

characteristics that increase the potential of adaptive introgression. Since Q. berberidifolia shows 

less of a genomic offset under both current and future climate scenarios, it is possible that it is 

better adapted to both current and future climatic conditions. Due to the degree of geographic 

overlap and often close geographic proximity of the distributions of these species, hybridization 

and introgression can potentially lead to the asymmetric exchange and assimilation of adaptive 

alleles into the less well-adapted Q. engelmannii (Abbott et al., 2016; Barton, 2001). Potential 

evidence of adaptive introgression has been shown in in European white oaks that associated 

adaptive introgression to cycles of continental glaciation (Leroy et al., 2020; Leroy et al., 2019).  

Similar patterns of asymmetric, potentially adaptive introgression have been shown in other 

hybrid systems that include Q. berberidifolia in which the direction and extent of introgression 

changed in response to fire regime in the local environment (Ortego et al., 2017). Evidence of 

ancient introgression between Q. engelmannii and Q. berberidifolia showed similar patterns of 

asymmetric gene flow from Q. berberidifolia into Q. engelmannii, which may have been 

associated with changing climate (O’Donnell et al., 2021). The ability of this system to freely 

hybridize when living in close physical proximity can lead to the exchange of alleles across 

species boundaries while experiencing divergent selection regimes, increasing the potential for 

adaptive introgression (Abbott et al., 2016).  This is an especially critical process to examine 

with the increased predicted genetic offset under future climate conditions in eastern populations 

of the already restricted distribution of Q. engelmannii.  These populations are already exhibiting 

a stronger signal of genomic offset than Q. berberidifolia populations in similar regions of their 
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distributions and that is only predicted to increase, making these populations of a particular 

concern under most conservation genomic philosophies (Shaffer et al., 2022). It may be that 

introgression allows Q. engelmannii to persist in regions in which it is maladapted to future 

environmental conditions by exchanging alleles with a species that is more fit under most 

predicted future scenarios (Rieseberg & Burke, 2001; Rieseberg & Wendel, 1993).  

In conclusion, this landscape genomic analysis reveals the vulnerability of Engelman oak 

to climate change, but the fact that Q. berberidifolia shows less vulnerability highlights a 

potential benefit of hybridization and introgression that has been observed between these two 

species. Previous research (O’Donnell et al., 2021) has demonstrated that interspecific gene flow 

is asymmetric between these two species favoring gene flow into Q. engelmannii. Asymmetric 

gene flow between these species could lead to an increase in fitness and potentially the 

persistence of Q. engelmannii in regions where it is predicted to be vulnerable under predicted 

future climate regimes. Future genomic research can test this hypothesis by determining whether 

potentially adaptive alleles such as climate-associated outlier loci are being exchanged 

(Savolainen et al., 2013). An important caveat of the current analysis is the inability to determine 

whether climate, geography, or a combination of both types of variables has the greatest 

predictive power in mapping patterns of genomic diversity. Additional analyses such as 

redundancy analyses (RDAs) could be used to quantify whether climate variables are better 

predictors of the distribution of genomic diversity than geospatial variables and to identify the 

strength of the interaction between them. Findings from this study demonstrate the opportunity 

and the climatic conditions that would make adaptive introgression possible and future study of 

the genes associated with introgression and their potential evolutionary impact will show 

whether adaptive introgression is occurring between these two oak species.  
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Chapter 3 
 
 

Genome-wide introgression analysis reveals asymmetric gene flow of stress 

response genes in two hybridizing white oaks (Quercus sect. Quercus)  

 

Abstract 

Hybridization and exchange of alleles through introgression is hypothesized to play an important 

role in local adaptation and the ability of plant species to rapidly adapt to changing 

environmental conditions. Adaptive introgression between hybridizing taxa has been proposed 

since early work on hybridization, but the availability of whole genome sequences now make it 

possible find evidence. This study tests the adaptive introgression hypothesis using two white 

oak (Quercus sect. Quercus) species; Engelmann oak (Q. engelmannii) and California shrub oak 

(Q. berberidifolia) that hybridize where their distributions overlap. By analyzing whole genome 

sequence data for 33 Q. berberidifolia and 31 Q. engelmannii individuals using the python 

package sstar, evidence of significant introgression was found to be asymmetric with significant 

introgression discovered only in Q. engelmannii. To detect evidence of adaptive introgression, 

previously identified climate associated outliers from landscape genomic analyses of Q. 

berberidifolia were mapped to regions of increased introgression in Q. engelmannii. We 

identified 8 SNPs associated with climate in Q. berberidifolia that were also found in 

introgressed regions in Q. engelmannii individuals. Additionally, 31 characterized functional 

genes were found within regions of increased introgression in Q. engelmannii, including genes 

associated with stress response. These findings indicate the potential exchange of adaptive alleles 

of functional genes that may be directly associated with phenotypic expression and local 
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adaptation. Such results suggest that the introgressed genes may have enhanced the ability of Q. 

engelmannii to adapt to the Mediterranean climate of southern California. 
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Introduction 

 Hybridization leading to the exchange of alleles across species boundaries has been 

recognized as a potential mechanism for rapid local adaptation to changing environmental 

conditions or to novel environments as species expand their distribution into new habitats 

(Abbott et al., 2016; Anderson, 1949; Anderson & Stebbins, 1954; Barton & Hewitt, 1985).  It is 

possible that processes such as hybridization provide an increase in overall genetic diversity by 

introducing novel alleles across species boundaries. If the alleles exchanged across species 

boundaries increase fitness in local populations, then they may spread throughout a species much 

like expectations for novel adaptive mutations yet potentially at much shorter time scales than 

mutations alone through a process otherwise known as adaptive introgression (Abbott et al., 

2016; Barton, 2001; Barton & Hewitt, 1989; Wu, 2001). It is possible that such adaptive 

introgression is a mechanism through which species may rapidly evolve to changing climatic 

conditions through the exchange of alleles with species that may be more likely to be adapted to 

future climatic conditions (Abbott et al., 2016). Analyzing patterns of ancient introgression can 

provide evidence of this hypothesis by identifying signals of introgression throughout the 

genome that have persisted through long periods of evolutionary time and may be evidence of 

adaptive introgression (Barton, 2001). For example, studies of monkeyflowers (Mimulus spp.) 

have shown evidence for introgression of alleles associated with genes that control flowering 

time along a latitudinal gradient as species distributions shift under climate change (Vallejo-

Marin & Hiscock, 2016). Analysis of introgression in poplar (Populus spp.) showed signals of 

the exchange of functional genes through introgression associated with cold hardiness and 

drought tolerance (Suarez-Gonzalez et al., 2017, 2018). Sunflowers have also shown the ability 

to exchange disease resistance traits through introgression in response to local pest infestations 



 

 63 

leading to range expansion (Whitney et al., 2015). By utilizing this framework and testing for 

ancient adaptive introgression, it is possible to determine the influence of introgression on the 

long-term evolution of species involved in a hybrid system.   

 Oaks represent an ideal system to test for adaptive introgression due to their ability to 

freely hybridize with closely related species as well as their strong association between local 

ecological conditions and rates of hybridization (Van Valen, 1976). Evidence has indicated that 

while there may be intrinsic pre-zygotic barriers to gene flow between species that may affect the 

directionality and rate of gene flow between species (Lepais et al., 2013),  several studies of 

hybrid and early-generation backcrossed individuals indicate local adaptation may be a driver of 

hybridization and introgression between species (Dodd & Afzal-Rafii, 2004; Lepais et al., 2009; 

Leroy et al., 2020). Additionally, patterns of ancient introgression also coincide with large-scale 

climate fluctuations in both California as well as in Europe, which also point to adaptation to 

rapidly changing climatic conditions strongly influencing the exchange of alleles across species 

boundaries (Leroy et al., 2017; O’Donnell et al., 2021). Previous work in European oaks has 

shown evidence of introgression of SNPs associated with genotype-environment and genotype-

phenotype interactions that occurred adjacent to or within functional genes that may indicate 

signals of adaptive introgression (Leroy et al., 2020). However, patterns of glaciation in Europe 

resulted in extensive secondary contact leading to hybridization and introgression being a more 

recent evolutionary phenomenon in those taxa (Leroy et al., 2017) potentially making the 

identification of signals of adaptive introgression harder to identify (Shchur et al., 2020). 

Comparatively, the evolution of oaks in California in western North America has been 

predominantly influenced by the transition to a Mediterranean climate, which is predicted to 

have begun approximately 10-15mya (Rundel et al., 2016). Evidence in Californian white oaks 
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has shown that secondary contact between many of the species was ancient and signals of 

hybridization and introgression can be traced back to the transition to a Mediterranean climate 

(Kim et al., 2018; O’Donnell et al., 2021). By testing for introgression using species that 

underwent persistent secondary contact at much deeper time scales, it may be possible to identify 

introgression at functional genes associated with adaptation and long-term persistence under 

shifting climate conditions.  

 This study aims to test for adaptive introgression in two white oak (Quercus sect. 

Quercus) species; the more xeric adapted shrub species, Q. berberidifolia, and the more mesic 

tree species Q. engelmannii. These species differ in their broad habitat preferences yet live in 

close enough proximity that hybridization and introgression is possible, making this an ideal 

system to test for adaptive introgression (Ortego et al., 2014; Riordan et al., 2016). Their ability 

to exist in close geographic proximity, but within different ecological niches points to the 

influence of climatic variables on patterns of hybridization and introgression. It may be possible 

to identify genes associated with adaptation to climate by analyzing the exchange of alleles 

strongly associated with climatic gradients. It is possible that gene flow with the more drought 

adapted Q. berberidifolia may have helped Q. engelmannii expand into or persist within its 

current native range through adaptive introgression. Conversely, it is also possible that gene flow 

from Q. engelmannii into Q. berberidifolia helps aid in the range expansion of Q. berberidifolia 

into regions currently inhabited by Q. engelmannii. By identifying climate outliers and 

determining if they are associated with introgression, it is possible to test these hypotheses. Thus, 

this study attempts to answer three main questions: (i) Using whole genome sequence data, do 

these two species share genes through ancient introgression with each other?  If so, is it 

symmetric or asymmetric? (ii) Is there evidence of specific regions of the genome that are 
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experiencing significant levels of gene flow between species? and (iii) Are functional genes or 

candidate loci associated with climate found within regions of increased introgression between 

these two species? The presence of climate-associated outlier alleles within regions of 

introgression would be strong evidence of adaptive introgression.  If the direction of gene flow is 

asymmetric from the Californian endemic shrub oak into the Mexican-originating tree oak, it 

would suggest that the introgressed genes may have improved the adaptation of Q. engelmannii 

to southern California Mediterranean climate and provide evidence of the current adaptive 

capacity of the donor and recipient species (Barton, 2001). By characterizing the genes and 

alleles involved in gene flow across species boundaries it is possible to predict the importance of 

introgression on the evolution of both species under future climate conditions. 

 

Methods 

Study System 

 This two study species are the tree oak Quercus. engelmannii and the shrub oak Q. 

berberidifolia. Q. engelmannii has a restricted distribution to mesas with well-developed soils 

between 500-1500m in elevation south of the San Gabriel Mountains of southern California with 

a core distribution in the Southern Coast Ranges where local precipitation levels are higher than 

surrounding areas along fine-scale habitat gradients (Figure 2.A) (Scott, 1991). Q. engelmannii 

belongs to a sub-clade of white oaks that includes species found in the southwestern U.S. and 

northern Mexico (Hipp et al., 2020). It is the only species in its clade found in a Mediterranean-

type climate with precipitation primarily occurring in the winter rather than Summer monsoonal 

precipitation regimes typically found in the American Southwest and northern Mexico. Q. 

berberidifolia is a widespread California endemic shrub oak with a coastal distribution (Fig 2.1).  
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It is typically found within mixed chaparral ecosystems in the more arid local environments 

where those species assemblages are present (Figure 2.1B). While these species are highly 

divergent ecologically, the geographic heterogeneity of southern California leads to frequent 

transitions between divergent ecosystems at the microhabitat scale. These species often exist at 

close physical proximity throughout the area where their distributions and provides the 

opportunity for hybridization (Ortego et al., 2014; Riordan et al., 2016), which may explain 

ancient introgression between these species (Kim et al., 2018). Based on predictions of current 

and future  habitat loss under multiple future climate scenarios, Q. engelmannii is more likely to 

experience population decline than Q. berberidifolia under predicted changes to climatic 

conditions throughout its range in the future (see results of previous chapter) (Riordan et al., 

2015). The combination of prior opportunity to hybridize and the divergence between the 

ecological preferences of these species increases the opportunity for adaptive introgression.  

 

Sampling, Sequencing and Variant Calling 

 We selected 32 Q. berberidifolia and 34 Q. engelmannii whole genome sequences (64 

total), which were sampled from the extent of range overlap between the two species in southern 

California from the overall range-wide sampling described in Chapter 2. Sequences were 

mapped to the Quercus lobata reference genome (v 3.1) (Sork et al., 2021) using previously 

described methods for oaks (Fitz-Gibbon et al., 2017). Variants were called using the default 

parameters present in the package ForestQC (Li et al., 2019). Individuals were chosen that 

exceeded 7x average mapped coverage based on previous analysis (Chapter 2). To ensure that 

signals of introgression were preserved, the steps involving filtering for linkage disequilibrium 

described in the previous chapter were skipped for subsequent downstream analysis.  
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ADMIXTURE Analysis and Detecting Introgression 

 In order to accurately test for signals of ancient adaptive introgression, early generation 

backcrossed individuals are excluded to increase the likelihood signals of introgression of 

potentially adaptive loci or within genes is due to adaptation and not the exchange of neutral 

genetic variation (Abbott et al., 2016; Barton, 2001). ADMIXTURE analysis was performed 

using 50,000 burn-in steps and 10,000 replications testing across a likely number of genetic 

clusters (K) of 1-5 to determine the most likely number of genetic clusters. An early-backcrossed 

individual was considered any individual that did not have a proportion of ancestry of at least 

85% belonging to one of the two genetic clusters associated with either species based on 

previous methods used for oaks (Lepais et al. 2013). Individuals with a proportion of ancestry 

less than 85% were removed from downstream analysis.  

 Areas of the genome experiencing significant levels of introgression were identified 

using a machine learning approach developed in the python package sstar (Huang et al., 2022). 

This introgression analysis method is based on the summary statistic S*, which was designed to 

detect sequence similarity between species that is greater than expected due to chance alone 

through the identification of patterns of similar mutations predicted to have accumulated in an 

archaic population, otherwise known as congruent sites (Plagnol & Wall, 2006; Wall, 2000). This 

analysis is applied in the package sstar by defining the hypothesized demographic model, the 

test or archaic population, and the target population in which you are attempting to detect 

introgression. In this framework, sstar was used to test for introgression between the two species 

and utilizing each species as a test and target population in replicate analyses. Previous analyses 

have shown that Q. berberidifolia has higher genetic diversity and a greater effective population 
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size, so the neutral demographic model was defined with a time to most recent common ancestor 

of 45 million years, a starting effective population size of 1,000,000 and 100,000 individuals for 

Q. berberidifolia and Q. engelmannii respectively (O’Donnell et al., 2021), a mutation rate of 1.2 

x 10-8 (Sork et al., 2022), a recombination rate of 1.01 x 10-8 based on recombination rates in 

eucalyptus (Gion et al., 2016), and no gene flow since the time of divergence between the two 

lineages. S* analysis was performed using sliding windows of 50kbp and steps of 1kbp. To 

identify the threshold for significance of S* scores, the bootstrapping method in the “quantiles” 

command in sstar was used. This command uses the program ms (Hudson, 2002) to simulate 

sequence data to establish significance thresholds through large-scale replication of data. This 

test was done for 20,000 replicates of 50kb sequencing windows using the above values for 

effective population size, mutation, and recombination rates. Simulated S* scores were used to 

generate the 99th percentile values for observed S* scores and any window exceeding that 

threshold was considered an introgressed window.  

 

Detecting Evidence of Adaptive Introgression 

The expectation is that most introgression will likely be selectively neutral, but 

exchanging alleles found within or near functional genes have the potential of changing 

phenotypic expression associated with those genes and altering the fitness of hybridizing species 

(Barton & Hewitt, 1985). Based on this framework, windows that showed evidence of 

introgression were mapped to the latest annotation of the Quercus lobata reference genome (v 

3.1)  and visualized using the R package chromomap (Anand & Rodriguez Lopez, 2022) to 

determine the physical location of those windows within the genome. Introgressed windows 

were then scanned for annotated functional genes that may be associated with functional 
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responses, which may provide a source of adaptive introgression. Additionally, to determine if 

there are any signals of climate-associated adaptive introgression, 720 putative candidate loci of 

large effect size significantly associated with climate gradients in the southern portion of the 

distribution of Q. berberidifolia identified in chapter 2 (see LFMM methods) were mapped to the 

genome and analyzed for overlap with introgressed windows. Any climate associated outlier 

SNPs found within introgressed windows are potentially a source of adaptive introgression 

involved in increasing local adaptation to climate variables and were further annotated to 

determine if they fall within functional genes within those windows. To test whether climate 

associated outlier SNPs fell within introgressed windows due to chance alone, a permutation test 

was conducted using the R package regioneR (Gel et al., 2016). 

 

Results 

ADMIXTURE  

 ADMIXTURE results indicated a most likely K=2 with genetic clusters separating along 

species boundaries and strong evidence of asymmetric gene flow between species (Figure 3.1). 

Of the 32 Quercus berberidifolia and 34 Q. engelmannii individuals, two individuals did not 

meet proportion of ancestry thresholds and were excluded from further analysis resulting in a 

total of 31 Q. berberidifolia and 33 Q. engelmannii individuals (64 total individuals) used in S* 

analyses. Of the remaining individuals, several Q. engelmannii individuals showed evidence of 

mixed ancestry associated with later-generation backcross events, but little evidence of mixed 

ancestry in the 31 remaining Q. berberidifolia individuals, potentially indicating asymmetric 

gene flow between these species (Figure 3.1).  
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Figure 3.1: ADMIXTURE results plot depicting predicted proportion of ancestry under the most likely 
scenario of K=2. Quercus berberidifolia individuals are on the left and associated with the red genetic cluster 
while Q. engelmannii individuals are on the right and associated with the blue genetic cluster 

 

  

Identification of Introgressed Regions 

Introgressed sequences were distributed throughout the genomes, but they were strongly 

asymmetric with windows crossing the significance threshold for S* scores only being found 

being exchanged from the drought-adapted shrub Quercus berberidifolia into the tree oak Q. 

engelmannii. Reciprocal tests using each species as the test or archaic population and target 

population show no evidence of significant introgression from Q. engelmannii into Q. 

berberidifolia. In contrast, we found strong evidence of Q. berberidifolia introgression into Q. 

engelmannii found on 5 out of 12 total chromosomes. Out of all overlapping windows tested, 

125 potentially overlapping windows had S* scores that crossed the significance threshold 

resulting in 29 unique regions of the genome that showed significant levels of introgression 
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(Figure 3.2). The greatest number of windows were found on chromosome 4 while chromosomes 

2 and 8 had comparatively few significant windows, which indicates introgression is likely 

associated with specific regions of the genome of Q. engelmannii. Conversely, the lack of 

significant windows of introgression from any Q. berberidifolia individual indicates that even 

background rates of hybridization and introgression are low from Q. engelmannii into Q. 

berberidifolia, which indicates a lack of adaptive introgression occurring into Q. berberidifolia.
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Figure 3.2: Map of the 12 oak chromosomes including genomic candidate introgressed regions in Q. 
engelmannii, based on significant S* scores (green bars). 

 

Functional Genes Found in Introgressed Windows 

 Across the 125 introgressed windows and 24 unique regions of overlapping windows 

found in Quercus engelmannii, a total of 32 functional genes with detailed annotations were 

discovered, including several genes known to be associated with stress responses in plants (Table 

3.1). Additionally, numerous unclassified genes were also discovered in these regions which 

lacked annotations, so it is not possible to assess whether they are adaptive. Functional genes 

were found within all identified introgressed regions except for one 50kbp window found on 

chromosome 6, which did not contain a functional gene. Two genes from gene families 

associated with stress response were found within introgressed windows: a zinc finger family 
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protein and a hypersensitive-induced response protein. Proteins from the zinc finger family are 

typically associated with binding of transcription factors and have been implicated in repression 

of transcription and are involved in defense and acclimation response in plants (Ciftci-Yilmaz & 

Mittler, 2008; Kiełbowicz-Matuk, 2012; Liu et al., 2022). Hypersensitive-induced response 

genes are associated with immune response in Arabidopsis thaliana in both species (Choi et al., 

2011; Qi et al., 2011). Introgression of these functional stress response genes in addition to other 

functional genes found within introgressed windows implies that adaptive introgression may be 

associated with these windows. 
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Table 3.1: Identified annotated genes and their chromosome locations. Genes of known association with 
biotic or abiotic stress response highlighted in bold. 

 

  

  

Chrom. Gene
1 Transcription factor RF2a
1 ER membrane protein complex sub-unit
1 Putative RNA binding protein Luc 7-like
1 Methylene blue sensitivity 1
1 Zinc finger CCH Domain-containing protein ZFN-like
1 IN080 complex subunit D-like
1 Fatty alcohol caffeyol-COA acetyltransferase
2 LRR receptor-like serine/theonine-protein kinase
2 High mobility protein group B protein 7-like
2 Helicase-like transcription factor CHR28
2 Phytochrom-associated serine threonine-protein phosphate
2 Protease 2-like
2 hypersensitive-induced response protein 1-like
2 AP2-like ethylene-responsive transcription factor BBM1
3 Glutathione S-transferase T3-like
3 RAB11-binding protein RELCH homolog
3 receptor protein-kinase-like protein ZAR1
4 Putative disease-resistant protein At3g14460
4 Myosin heavy chain, striated muscle-like
4 F-box/Kelch-repeat protein At3g61590
4 Anthocyanidin 3-0-glucosyltransferase 7-like
5 WRKY transcription factor 28-like
5 Tryptophan synthase beta chain 1-like
5 COBRA-like protein 10
8 ras-related protein Rab11 D-like
8 Histone deactylase complex subunit SAP18
8 Polygalacturonate 4-alpha galactronosyltransferase
8 Gibberellin 20 oxidase-like
11 MADS-box trasncription factor 23
12 XIAP-associated factor 1
12 Pentatricopeptide repeat-containing protein At1g0990
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Introgression of climate associated outlier loci 

 When we mapped climate-associated outlier SNPs identified through a landscape 

genomic study (Chapter 2) to introgressed windows in Q. engelmannii, several SNPs were found 

within or near genes, providing evidence of potential adaptive introgression. Specifically, of the 

720 outlier loci identified in southern populations of Q. berberidifolia, 8 SNPs were found to be 

near or within introgressed windows. Permutation tests indicated that the expected number of 

SNPs expected to be randomly found within introgressed windows was ~2, indicating that the 

number of outlier SNPs was significantly greater than expected. Of the 8 climate outlier SNPs, 

three of them were found in proximity to, or within, annotated functional genes found within 

introgressed windows and may be associated with adaptive introgression.  

We found several SNPs located close to functional genes. SNPs were found within 10kb 

of both WRKY transcription factor 53 as well as a beta-glucosidase 46-like. WRKY transcription 

factors are associated with plant immune response and may represent adaptative genetic variation 

through their regulation of multiple pathways of plant immune response in addition to their 

response to drought or cold stress making them critical in plant responses to biotic and abiotic 

stressors (Chen et al., 2017; Rushton et al., 2010). Beta-glucosidase is not involved in any 

specific plant responses to environmental stress. However, it has been shown to be involved in 

signaling processes for the natural insect predators of herbivorous insects during periods of 

intense predation by herbivores in other plant taxa (Mattiacci et al., 1995), but it has not been 

studied in oaks. One climate associated outlier SNP was found within a MADS-box transcription 

factor. The MADS-box gene family is highly conserved within plants and is directly associated 

with root, shoot and floral development in flowering plants (Becker & Theißen, 2003; Ng & 

Yanofsky, 2001). The association of climate-associated, putatively adaptive SNPs found through 
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a separate study and found here within introgressed windows and within or near functional genes 

provide evidence of adaptive introgression of traits associated with adaptation to climate.  

 

Discussion 

 Our results point to evidence of ancient asymmetric adaptive introgression of climate-

associated outlier alleles as well as introgression within proximity of other functional genes 

associated with stress and pathogen response in plant taxa. These results are direct evidence of 

potential adaptive introgression associated with functional genes and show a distinct correlation 

with adaptation to abiotic factors such as response to changing climate regimes. Additionally, 

introgression was heavily asymmetric with no evidence of persistent introgression from Quercus 

engelmannii into Q. berberidifolia. The timing of secondary contact leading to introgression 

between these species is predicted to have begun during the transition to a Mediterranean climate 

in southern California (O’Donnell et al., 2021). This ancient asymmetric adaptive introgression 

may have allowed the adaptation and persistence of Q. engelmannii under climatic conditions 

that are unique to coastal California and Baja California in North America.  

 Evidence of asymmetric gene flow and introgression supports the hypothesis of increased 

introgression from the wide-spread, more drought adapted Quercus berberidifolia that may have 

enhanced the successful expansion of Q. engelmannii into southern California. The closest 

relatives of Q. engelmannii are currently found in Arizona and New Mexico in the southwestern 

U.S. and northern Mexico (Hipp et al., 2020). It is likely that the shift to a Mediterranean-type 

climate resulted in significantly different seasonal precipitation patterns than those experienced 

by its closest relatives and resulted in strong selective pressure on Q. engelmannii as has been 

shown in other plant genera in the California Floristic Province (Rundel et al., 2016). Evidence 
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of adaptive introgression of genes involved in stress response from this study suggests that gene 

flow between species likely played a key role in the adaptation of Q. engelmannii to the 

Mediterranean-type climate. These findings are consistent with previous research that showed 

asymmetric ancient introgression that favored gene flow from Q. berberidifolia rather than vice-

versa (Kim et al., 2018; O’Donnell et al., 2021). Similar patterns of asymmetric adaptive 

introgression have been found in other tree species including poplar (Populus spp.) (Suarez-

Gonzalez et al., 2017) and European white oaks (Leroy et al., 2020). Specifically, evidence in 

both systems implicated more recent adaptive introgression in the range expansion of taxa into 

novel habitats based on climatic gradients and local environmental conditions. Current evidence 

in this study supports a similar pattern of asymmetric gene flow and adaptive introgression in 

this system during the more distant evolutionary past that also may have assisted the colonization 

and persistence of a species to a novel environment in Q. engelmannii.  

Models suggest that Q. engelmannii is likely to become increasingly maladapted under 

future climate scenarios, further reinforcing the potential of adaptive introgression increasing the 

fitness of this species (Chapter 2). Evidence of contemporary introgression between these species 

may also support the adaptive introgression hypothesis. Transcriptome analysis of alleles 

associated with drought response genes showed also supports asymmetric gene flow from Q. 

berberidifolia into Q. engelmannii (Oney-Birol et al., 2018). Previous landscape genetics work in 

this system has shown that contemporary introgression is strongly associated abiotic factors such 

as temperature and precipitation seasonality, which also supports the adaptive introgression 

hypothesis in this system (Ortego et al., 2014; Riordan et al., 2016). In many cases, critical 

abiotic factors, such as temperature and precipitation regimes, are predicted to exceed current 

tolerance thresholds of many species under predicted future climate scenarios making rapid 
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evolution in response to these changing conditions critical for the survival of many taxa globally 

(Franks & Hoffmann, 2012; Shaw & Etterson, 2012). However, the rates of change of local 

climate conditions are likely to exceed the evolutionary rates of many species, especially long-

lived species such as trees (Browne et al., 2019; Lexer et al., 2007). Evidence of ancient 

introgression showed introgressed windows contained functional genes associated with drought, 

temperature, and disease resistance and response, which will likely be critical functional 

processes as southern California is predicted to suffer increasing temperatures and duration and 

severity of droughts under future climate scenarios (Underwood et al., 2019). The evidence 

showing ancient adaptive introgression may indicate that persistent hybridization and 

introgression between these species may result in further exchange of adaptive alleles because of 

changing climate.  

Evidence of ancient adaptive introgression of functional genes involved in stress response 

indicates that these genes were likely crucial to the persistence of Q. engelmannii to a 

Mediterranean-type climate in the past and may be significantly involved with future adaptation. 

This study was designed to test whether climate -associated outlier SNPs were found near 

functional genes. However, it is unknown whether these outlier SNPs are non-randomly 

distributed throughout the genome of these species and current results may reflect this biased 

distribution. Future work to annotate all identified climate outlier SNPs can reveal the extent of 

this bias and whether significant results found using permutation tests that did not account for 

non-randomly distributed SNPs are supported. Since most plant responses to environmental 

stress are the result of highly complex interactions between genes and gene networks, it is likely 

that larger networks of genes than the genes found in this study are involved (Becker & Theißen, 

2003; Choi et al., 2011). This study focused on identifying signals of adaptive introgression of 
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loci of large effective size, meaning the genes containing or adjacent to climate-associated 

outliers in Q. berberidifolia likely played a large role in adaptation to past climatic regimes. It 

may be possible to detect additional genes associated with adaptive introgression when reducing 

the threshold of filtering procedures to include more loci of small effective size. Additionally, the 

functional role that many genes involved plant responses to environmental stress is 

uncharacterized and it may be the case that genes play multiple functional roles in separate plant 

response pathways (Chaves et al., 2003). It may be the case in this system that more of the 32 

identified functional genes are associated with plant response pathways and may also be 

involved in adaptive introgression.  

In conclusion, this study finds compelling evidence of ancient asymmetric adaptive 

introgression for genes involved in phenotypic response to climate stress from the endemic 

species Quercus berberidifolia into the non-endemic species Quercus engelmannii. It is possible 

that adaptive introgression enhanced the ability of Q. engelmannii to expand its range into 

California and persist under a transition to a Mediterranean-type climate. Previous research has 

shown evidence of asymmetric gene flow between these species from Q. berberidifolia into Q. 

engelmannii, but these findings represent the first evidence connecting this gene flow to 

functional genes and potentially to adaptive introgression of phenotypic traits. Evidence from 

this analysis supports the hypothesis of adaptive introgression. Future research into the fitness 

consequences of introgressed individuals will determine importance the importance of 

contemporary introgression in adaptation to future climatic regimes. 
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Appendix 1.1 
 
Model Descriptions 

 Models were tested in a nested fashion in which the simplest model is a specialized 

version of more complex models. Models were compared in tiers according to the number of free 

parameters. The most likely model from each scenario was then used to develop more complex 

models. For example, when comparing models that have two free parameters, the best 

performing model was one that included symmetric gene flow after secondary contact between 

the study species. Gene flow between species was then considered in each subsequent tier of 

models (either symmetric or asymmetric gene flow depending on the number of free parameters 

in each model). Below are descriptions of each model and the free parameters used to describe 

them grouped into tiers based on the number of free parameters. Abbreviations in parentheses of 

each model description correspond to their label in table S1.  

 

3 Parameter Models 

Species Divergence with No Gene Flow (Iso)- Species diverged at time Tsplit and 

remained at the same effective population size (v1 and v2 for Quercus engelmannii and Quercus 

berberidifolia respectively) as the ancestral populations and did not experience intraspecific gene 

flow since the time of divergence. (Parameters: v1, v2, Tsplit) 
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4 Parameter Models 

Population expansion in Quercus engelmannii with no gene flow (P1Exp)- Species 

diverged at time Tsplit with ancestral effective population sizes of v1 and v2 (for Quercus 

engelmannii and Quercus berberidifolia respectively) and did not come into secondary contact 

and experience secondary gene flow. At time Tsplit, Quercus engelmannii experienced an increase 

in effective population size at rate (s) while the effective population size of Quercus 

berberidifolia did not change in size.  

(Parameters: v1, v2, s, Tsplit) 

Population expansion in Quercus berberidifolia with no gene flow (P2Exp)-  

Species diverged at time Tsplit with ancestral effective population sizes of v1 and v2 (for Quercus 

engelmannii and Quercus berberidifolia respectively) and did not come into secondary contact 

and experience secondary gene flow. At time Tsplit, Quercus berberidifolia experienced a 

continuous increase in effective population size at rate (s) while the effective population size of 

Quercus engelmannii did not change in size.  

(Parameters: v1, v2, s, Tsplit) 

Species divergence with continuous symmetric gene flow (Smig)- Species diverged at 

time Tsplit with ancestral effective population sizes of v1 and v2 and experienced intermittent, but 

continuous symmetric gene flow at rate (m) beginning at time Tsplit and continuing until present 

day. (Parameters: v1, v2, m, Tsplit) 

Symmetric population expansion after divergence (SExp)- Species diverged at time Tsplit 

with ancestral effective population sizes of v1 and v2 (for Quercus engelmannii and Quercus 

berberidifolia respectively) and did not come into secondary contact and experience secondary 
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gene flow. Beginning at time Tsplit both species experienced effective population growth at rate 

(s). (Parameters: v1, v2, s, Tsplit) 

 

5 Parameter Models 

Continuous asymmetric gene flow (Amig)- Species diverged at time Tsplit and experienced 

intermittent, but continuous asymmetric gene flow at rates m12 (gene flow from Q. engelmannii 

into Q. berberidifolia) and m21 (gene flow from Q. berberidifolia into Q. engelmannii) 

beginning at time Tsplit and continuing until present day. (Parameters: v1, v2, m12, m21, Tsplit) 

Symmetric population expansion with symmetric gene flow (SexpSM)- Species diverged 

at time Tsplit with ancestral effective population sizes of v1 and v2 and experienced intermittent, 

but continuous symmetric gene flow at rate (m) beginning at time Tsplit and continuing until 

present day. Concurrent with this symmetric gene flow, both species also experienced symmetric 

growth in effective population at rate (s) that persisted from divergence into contemporary 

populations. (Parameters: v1, v2, s, m, Tsplit) 

Asymmetric effective population size growth in Quercus engelmannii with continuous 

symmetric gene flow (P1ExpSM)- Species diverged at time Tsplit with ancestral effective 

population sizes of v1 and v2 and experienced intermittent, but continuous symmetric gene flow 

at rate (m) beginning at time Tsplit and continuing until present day. Concurrent with this 

symmetric gene flow, Quercus engelmannii also experienced growth in effective population at 

rate (s) that persisted from divergence into contemporary populations while the effective 

population size of Quercus beberidifolia remained the same. (Parameters: v1, v2, s, m, Tsplit) 

Asymmetric effective population size growth in Quercus berberidifolia with continuous 

symmetric gene flow (P2ExpSM)- Species diverged at time Tsplit with ancestral effective 
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population sizes of v1 and v2 and experienced intermittent, but continuous symmetric gene flow 

at rate (m) beginning at time Tsplit and continuing until present day. Concurrent with this 

symmetric gene flow, Quercus berberidifolia also experienced growth in effective population at 

rate (s) that persisted from divergence into contemporary populations while the effective 

population size of Quercus engelmannii remained the same.  

(Parameters: v1, v2, s, m, Tsplit) 

Species Divergence with symmetric gene flow after secondary contact (SplitSM)- Species 

diverged at time Tsplit with ancestral effective population sizes of v1 and v2 and remained isolated 

until time Tmig when the species came into secondary contact. Upon secondary contact, 

symmetric gene flow between species occurred at rate (m). (Parameters: v1, v2, m, Tsplit, TMig) 

 

6 Parameter models 

Symmetric effective population size growth with continuous asymmetric gene flow 

(SexpAM)- Species diverged at time Tsplit with ancestral effective population sizes of v1 and v2 

and experienced intermittent, but continuous asymmetric gene flow at rates m12 (gene flow from 

Q. engelmannii into Q. berberidifolia) and m21 (gene flow from Q. berberidifolia into Q. 

engelmannii) beginning at time Tsplit and continuing until present day. Concurrent with this gene 

flow, both species also experienced growth in effective population size at rate (s). (Parameters: 

v1, v2, m12, m21, s, Tsplit) 

Species Divergence with asymmetric gene flow after secondary contact (SplitAM)- 

Species diverged at time Tsplit with ancestral effective population sizes of v1 and v2 and remained 

isolated until time Tmig when the species came into secondary contact. Upon secondary contact, 

asymmetric gene flow between species occurred at rates m12 (gene flow from Q. engelmannii 
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into Q. berberidifolia) and m21 (gene flow from Q. berberidifolia into Q. engelmannii). 

(Parameters: v1, v2, m12, m21, Tsplit, TMig) 

 

8 Parameter Models 

Population bottleneck Q. engelmannii with continuous symmetric gene flow after 

secondary contact (BotSM)- Species diverged at time Tsplit with ancestral effective population 

sizes of v1 and v2 and remained isolated until time TBot at which Q. engelmannii underwent a 

population bottleneck of depth vB and recovered to effective population size vF at time TF. At the 

point in which the bottleneck occurs, these species also come into secondary contact and begin 

symmetric gene flow at rate (m). 

(Parameters: v1, v2, vB ,vF , m, Tsplit, TBot, TF) 

 

9 Parameter Models 

Bottleneck in Q. engelmannii with asymmetric gene flow during the bottleneck event 

(PreBotAsymEAM)- Species diverged at time Tsplit with ancestral effective population sizes of v1 

and v2 and remained isolated until time TBot at which Q. engelmannii underwent a population 

bottleneck of depth vB and recovered to effective population size vF at time TF. Secondary contact 

between these species occurs at time TB (at the beginning of the bottleneck event) and 

asymmetric gene flow occurs at rate m12 (gene flow from Q. engelmannii into Q. berberidifolia) 

and m21 (gene flow from Q. berberidifolia into Q. engelmannii). 

(Parameters: v1, v2, vB ,vF , m12, m21, Tsplit, TBot, TF) 

Bottleneck in Q. engelmannii with asymmetric gene flow after the bottleneck event 

(ABotAsymEAM)- Species diverged at time Tsplit with ancestral effective population sizes of v1 
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and v2 and remained isolated until time TBot at which Q. engelmannii underwent a population 

bottleneck of depth vB and recovered to effective population size vF at time TF. Secondary contact 

between these species occurs at time TB (at the beginning of the bottleneck event) and 

asymmetric gene flow occurs at rate m12 (gene flow from Q. engelmannii into Q. berberidifolia) 

and m21 (gene flow from Q. berberidifolia into Q. engelmannii). 

(Parameters: v1, v2, vB ,vF , m12, m21, Tsplit, TBot, TF) 
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Table S1: All tested models ranked by ∆AIC scores in comparison to the most likely model according to log 
likelihood scores.  Score highlighted in bold represents the model with the highest log likelihood. 
 

Model LL AIC ∆AIC 

PreBotAsymEAM 1851.7 3723.4 0 

AexpSM -1873.4288 3758.8576 35.4576 

Bot Asym B -1878.7076 3773.4152 50.0152 

P2ExpSM -1890.725 3791.45 68.05 

ABotAsymEAM -1895.3173 3810.6346 87.2346 

P1ExpSM -1910.3164 3830.6328 107.2328 

Amig -2027.1024 4064.2048 340.8048 

SplitSM -2135.5278 4271.0556 547.6556 

Smig -2355.9259 4719.8518 995.6 

SplitAM -2367.2398 4746.4796 1023.0796 

BotSym  -2816.7769 5649.5538 1926.1538 

BotAsymBE -2819.22 5654.44 1931.04 

P2Exp -4087.1723 8182.3446 4458.9446 

SExp -4818.656 9645.312 5921.912 

Iso -5014.309 10038.618 96315.22 

P1Exp -5522.1018 11052.2036 7328.804 

 



 

  

Table S2: Estimated parameters for each tested model. Models include ancestral population size (n), effective population size before and after bottleneck 
(nB, nF) time of divergence (Ts), time of migration (Tm), time of bottleneck (Tb) and migration rate (m, m12, m21). Parameter values represent estimates 
from the most likely model for each scenario.   

Model Ts Tm Tb s Nu1 Nu2 NuB NuF m m12 m21 

Iso 0.6234 x x x 0.8195 0.50365 x x x x x 

SExp 0.505 x x 0.5799 1.275 1.5955 x x x x x 

Smig 0.063 x x x 0.2086 0.178 x x 0.0247 x x 

P1Exp 0.5001 x x 0.2076 0.6217 1.0655 x x x x x 

P2Exp 0.5004 x x 0.2254 0.714 0.7362 x x x x x 

P1ExpSM 1.8401 x x 0.907 0.4628 0.338 x x 1.5767 x x 

P2ExpSM 1.4548 x x 0.6106 1.1721 0.6756 x x 0.5083 x x 

Amig 1.883 x x 
 

0.3891 0.76939 x x x 0.99375 0.36834 

AexpSM 1.6673 x x 0.4942 0.2029 0.1809 x x x 2.9062 2.605 

SplitSM 2.8823 0.9279 x x 0.6946 0.6791 x x 0.5916 x x 

SplitAM 2.963 1.2661 x x 0.7989 0.6807 x x x 0.4837 0.42133 

Bot_Sym  1.1405 1.5803 0.6995 x 0.3866 1.0023 0.0221 0.6613 0.7274 x x 

Bot Asym B 0.909 0.1513 0.101 x 0.1445 1.0911 2.215 0.0218 x 0.3411 2.695 

Bot Asym BE 1.9996 1.02933 0.053851 x 0.6143 0.59582 0.0878 0.5826 x 0.54916 0.73863 

ABotAsymEAM 1.4232 0.64569 0.499679 x 0.7594 0.80568 0.1934 0.6664 x 1.05991 0.88959 

PreBotAsymEAM 1.9933 0.45099 0.34155 x 0.6143 0.59582 0.0878 0.5826 x 0.86777 1.14819 
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Table S3: Estimated timing of events of the most likely demographic model using an estimated generation time 
of 5, 10 and 20 years. It is worth noting that recent time calibrated phylogenies of the genus Quercus estimate 
the age of the genus to be ~60mya and divergence between Quercus engelmannii and Q. berberidifolia to be 
~40mya (Hipp et al., 2018; Hipp et al., 2019).  
 

Generation Time Time of  
Divergence 

Time of 
Bottleneck 

Timing of 
Gene Flow 

Timing of 
Bottleneck 
Recovery 

5 years 45mya 10mya 10mya 8mya 
10 years 90mya 20mya 20mya 16mya 
20 years 180mya 40mya 40mya 32mya 
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