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Abstract
[bookmark: _9i3a8zsxc4mt]Introgression is known from many natural populations of plants for its potential for fitness effects in response to changing environments. Genomic footprints of admixture exist in Populus trichocarpa with its sister species, Populus balsamifera due to its natural hybrid zones in Alaska, northwestern Canada, and the Canadian Rockies. The relationship between admixture and phenotypic variations was investigated with experimental crosses between related species of Populus to determine whether the admixed offspring demonstrates hybrid vigor and increased stress-resistance. Additionally, the presence of candidate genes and loci was investigated for adaptive introgression, where a region associated with the trait of interest is heterozygous for P. trichocarpa and P. balsamifera alleles. Experimental offspring were generated by crossing male genotypes containing various ancestry fractions of these two species (from 0% P. balsamifera up to 7% P. balsamifera) with female genotypes of other species used in poplar breeding programs. The resulting offspring were then subjected to a factorial stress experiment of heat and drought in controlled growth chambers. The results demonstrated that a combination of these stressors significantly affected stomatal conductance in offspring from both admixed and non-admixed ancestries. Local ancestry inferences revealed the presence of genomic regions in the parent species associated with stomatal conductance and stomatal density. The study provides insights into the genetic basis of stress resilience in admixed plant populations which could be crucial to understand for conservation and management efforts in the face of climate change.
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Introduction
Introgression refers to the process of transferring genetic material from one taxon to another through hybridization and repeated backcrossing (Suarez-Gonzalez et al., 2018). Introgression has made its appearance in the conversation on conservation and management efforts due to the potential it has for fitness effects in response to changing environments. The occurrence of introgression can be accompanied by heterosis in a population, or the tendency of hybrid offspring to display more favorable traits and outperform their parental species (Zanewich et al., 2018). This phenomenon can be referred to adaptive introgression, as the incorporation of novel alleles can enhance adaption to specific environments (Suarez-Gonzalez et al., 2018; Hamilton & Miller, 2016).
In a review on the role and potential adaptive introgression has on plants, Suarez-Gonzalez et al. (2018) examined evidence of adaptive introgression through the identification of introgression, selection, phenotypic variations, and fitness. They define ‘adaptive introgression’ as the “transfer by introgression of relatively small genomic regions from a donor species that have positive fitness consequences in the recipient species” (Suarez-Gonzalez et al., 2018). This phenomenon, coupled with new mutations and existing alternative alleles at a given locus in a population, provide greater opportunities for adaptation through genetic variations. The authors determined four tasks in detecting adaptive introgression. First, differentiate variations of ancestral genetic transfers to establish introgression zones (Suarez-Gonzalez et al., 2018). Second, the geographic patterns of introgression rely on understanding hybridization in the environmental context in which it occurs, which can be achieved by pinpointing genomic signatures of selection (Suarez-Gonzalez et al., 2018). Third, transferred alleles are connected to adaptive phenotypic traits (Suarez-Gonzalez et al., 2018). Lastly, measuring the direct correlation between fitness effect and the phenotypic trait affected by introgression provides strong evidence of adaptive introgression (Suarez-Gonzalez et al., 2018). Adaptive introgression has significant implications with the potential for adaptation in a rapidly changing environment due to the swift transmission of advantageous alleles (Suarez-Gonzalez et al., 2018). Limitations on adaptation and range expansion enforced by the rapidly changing climate can be diminished by diverse gene pools introduced through hybridization and provide genetic variability without the long wait time associated with new mutations (Hamilton & Miller, 2016).  Therefore, maintaining these genetic variations provides vital conservation value. Adaptive introgression has allowed for the increased ability of species and populations to respond to climate change (Hamilton & Miller, 2016). However, hybridization also has potential for outbreeding depression, genetic assimilation of pure species or spread of invasive genotypes (Hamilton & Miller, 2016).  
Adaptive introgression has been studied in forest tree species because of their natural hybrid zones, expansive geographical and climatic ranges, and trait variations. Hybridization is widespread in Poplars; Populus balsamifera (balsam poplar) and Populus trichocarpa (black cottonwood) are sibling species that have ecologically diverged to contrasting environments, but naturally hybridize. P. trichocarpa grows in moist, humid conditions in comparison to the colder, low precipitation climates P. balsamifera has adapted to. Genomic footprints of admixture exist in P. trichocarpa with its sister species, P. balsamifera, due to its natural hybrid zones in Alaska, northwestern Canada, and the Canadian Rockies (Fig. 1). The extent of this admixture was investigated in Chhatre et al. (2018), where a tri-species hybrid zone involving P. balsamifera, P. trichocarpa, and P. angustifolia was established.  They observed non-neutral patterns of genetic exchange at 23% of loci in admixed plants, demonstrating ancestry from P. angustifolia and P. balsamifera that influence genes associated with photoperiodic regulation, metal ion transport, redox homeostasis, and cell wall metabolism associated with seasonal dormancy (Chhatre et al., 2018). In other words, these genetic traits are being transferred between species in a manner that suggests selection beyond random chance. This trihybrid zone is a prime example of synagemeon — i.e., a network of naturally hybridizing species within the same genus. (Cronk & Suarez-Gonzalez, 2018). Figure 1: Native ranges of P. balsamifera (blue) and P. trichocarpa (red). The overlaps are the natural zones of hybridization (circled).

Due to indications of P. trichocarpa admixing with P. balsamifera in the genome, Suarez-Gonzalez et al. (2016) examined data derived from a subset of chromosomes in pure and admixed individuals from wild populations using genomic resequencing data. The genomic analysis revealed signals of gene selection that suggest adaptive variations of alleles were passed between species through hybridization and introgression. In other words, introgressed alleles from P. balsamifera were linked to adaptive phenotypes in P. trichocarpa and support adaptive introgression (Suarez-Gonzalez et al., 2016). An analysis of the whole genomes of the two species to pinpoint any additional regions of interest on the genome capable of adaptive introgression revealed that there were in fact many regions of interest with indications of possible selection, particularly for disease resistance (Suarez-Gonzalez et al., 2016). COMT1 was marked as a candidate gene due to the functional link to disease resistance (Suarez-Gonzalez et al., 2016). The gene is responsible for encoding caffeic acid O-methyltransferase, the enzyme central in the biosynthesis of lignin. Lignin is essential for plant development and growth. It is abundant in cell walls and responsible for water transport, mechanical support, and resistance to stress (Jouanin et al., 2000).
Studies by Fetter et al. establish a similar link between introgression and disease resistance, while also identifying the additional link with stomatal traits (Fetter et al., 2021; Fetter & Keller, 2023). A study by Fetter et al. 2021 showed that disease resistance was highest in P. balsamifera and showed evidence of introgression between P. balsamifera and P. trichocarpa (Fetter et al., 2021). Additionally, Fetter & Keller (2023) identified genomic regions associated with disease resistance using admixture mapping, with stomatal ratio being noted for experiencing particularly strong positive selection, which are highly predictive of disease risk (Fetter & Keller, 2023). These papers established a trade-off that exists for disease resistance, which differs between unadmixed and admixed poplars (Fetter et al., 2021, Fetter & Keller, 2023).
In addition to hybridization’s potential to transfer adaptive genes between species through introgression, hybridization can also result in hybrid vigor under stress. For example, Zanewich et al. (2018) examined its occurrence between narrowleaf cottonwoods (Populus angustifolia), prairie cottonwoods (Populus deltoides), and their naturally occurring hybrid Populus × acuminata. The study design included raising clonal replicates from trees of each taxon in growth chambers with different temperatures. At temperatures of 20/24 °C, healthy growth characteristics were observed across the three taxa. However, the hybrids displayed superior growth characteristics under 18 and 15 °C, suggesting hybrid vigor, particularly in root and leaf growth. This suggests that heterozygosity from hybridization enables environmental resilience. The previous research efforts have stressed the need for studies that measure the direct correlation between fitness effects and genetic variations (Suarez-Gonzalez et al., 2018). Understanding this has the potential to be a great asset for conservation and management efforts. One of the most notable examples of hybridization in conservation is the American Chestnut (Castanea dentata), which faced near-extinction due to the devastating impact of chestnut blight, introduced in the early 20th century. The American Chestnut Foundation (TACF) has spearheaded efforts since 1983 to develop blight-resistant hybrids by crossbreeding with Asian chestnuts like Castanea mollissima, which are naturally resistant to this fungus. Through backcrossing, TACF aims to reintroduce blight-resistant hybrids with the morphological traits of the American chestnut into eastern U.S. forests. Despite experiencing a population bottleneck, which typically reduces genetic diversity, the American chestnut still exhibits substantial genetic variation (Stoltz & Husband, 2023). This process involves an initial cross between American and Asian chestnuts, followed by successive generations of backcrossing with American chestnuts to retain a majority of American genetic composition while retaining blight resistance in a tree that is primarily American genetic composition. Each generation undergoes selection based on blight resistance and morphological traits (Cipollini et al., 2017). 
This paper addresses the following questions: 1) does hybridization transfer useful genes from related species to generate offspring that show hybrid vigor and stress resistance; 2) do admixed progeny inherit adaptive alleles in candidate genes that offer selective advantage; and 3) could the admixed P1 individuals be the source of introgressed alleles at genomic regions of interest? The relationship between admixture and phenotypic variations will be investigated with experimental crosses between related species of Populus and investigating whether the admixed offspring demonstrates hybrid vigor and stress-resistance. Genomic work was conducted to understand the underlying mechanisms behind these responses through regions of selection. The presence of candidate genes and loci was investigated for adaptive introgression, where a region associated with the trait of interest is heterozygous in the parent. It was hypothesized that the presence of experimentally introgressed alleles would benefit the F1 progeny under stress, specifically drought and heat, with one P1 individual being a source of transfer for adaptive alleles.
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Materials and Methods
Plant material and crossing design
Three poplar non-admixed males and two poplar admixed males.  were used in this study to produce experimental crosses. The male P. trichocarpa (P1) vary in their degree of introgression with P. balsamifera between 0% and 6.5% (Table 1). 
	Plant ID
	Degree of P. Balsamifera ancestry

	311
	0.000019

	315
	0.00001

	317
	0.001601

	364
	0.033586

	374
	0.064639


Table 1. The degree of introgression with Populus Balsamifera in the non-admixed and admixed samples. The number to the left is the ID of the male poplar plant, collected from natural stands in the field, and the number to the right is the admixture coefficient, giving the percentage of the genome with balsamifera ancestry.

Pollen from these males were used to cross with a female parent (P2): “Walker” poplar  (P. deltoides var. occidentalis and P. × petrowskyana), which is used in poplar breeding programs and shows good hybrid vigor when crossed with P. trichocarpa.
The crossing experiment was done in the spring of 2022 with individual plants isolated from each other in breeding cages encased in N-sulate cloth to limit pollen flow. The pollen from the P1 male parent was applied to the P2 female parent, after which the fruits were allowed to mature, producing F1 seeds that were collected and germinated in conetainer racks using ProMix potting media.
 Growth chamber stress experiment
After the F1 plants were germinated and potted, they grew in the growth chambers for 8 weeks, watered and fertilized regularly before the stress experiments started and the offspring were split into experimental groups. A 2x2 factorial design was applied to understand the effects of heat and drought on the F1 offspring (Fig. 2). Offspring from all 5 crosses were present in each treatment, representing 3 nonadmixed crosses (from P1 311, 315, and 317) and 2 admixed crosses (364, 374). A total of 24 plants from each type of cross (admixed and nonadmixed) were grown in each stress treatment. The control temperature was under 25:18 °C on a 16:8 photoperiod and the heat temperature was under 30:25 °C on a 16:8 photoperiod. Plants were watered based on whether a specific volumetric water content (VWC) threshold was met for control or drought water treatments (Fig. 3). The stress experiment ran for 23 days, where stomatal conductance (gsw) and chlorophyll fluorescence (Phi-PS2) were measured on each plant using the LI-COR LI-600 in association with the severity of drought stress – one measurement was taken at the peak of drought stress and another post-recovery, for each of the 3-drought stress treatment iterations.
 
Figure 2. Growth chamber experimental design to test the effects of heat and drought treatments in the F1 offspring, admixed (n = 24 per treatment) and non-admixed (n = 24 per treatment). 
 
Figure 3. The daily volumetric water content (VWC) of the F1 offspring in the growth chamber experiment. Plants were watered based on determined thresholds based on the VWC max of 22%. Water control groups were watered at 80% of VWC max and experimental groups were watered at 5% of VWC max. VWC was measured daily to determine watering schedule. LI-COR data collection days are indicated by the vertical lines.
 Statistical analysis
Data was statistically analyzed on R studio with library package sjPlot to determine whether admixture affects stress response of the F1 offspring, as well as highlights any significant interactions between experimental conditions. The ANOVA analysis examined the effects of predictor variables – water treatment (control water vs. drought), temperature treatment (control temperature vs. heat), and genetics (non-admixed vs. admixed), on response variables – stomatal conductance (gsw) and chlorophyll fluorescence (PhiPS2). 

Investigating candidate gene COMT1 using Polymerase Chain Reaction, Restriction Fragment Length Polymorphism (PCR- RFLP) and Sanger Sequencing
Plant tissue was collected from the growth chamber for the F1 offspring. Tissue samples of the parents were collected from the parent tree in the common gardens and DNA from pollen 311, 315, 317 and 364 and seed parent Walker. DNA from 374 was received from collaborator Jason Holliday in VA Tech. The plant DNA was extracted following the Qiagen Plant Pro Kit.
Due to the selective interest demonstrated by the COMT1 gene, it was of interest to investigate the presence of different ancestry alleles of COMT1 in the P1 parents, where the ancestry of the parent in that genomic region could be distinguished from a restriction site polymorphism — variations in homologous DNA sequences that occur at specific sites recognized by restriction enzymes. According to reference genome v3.1 of P. trichocarpa from Phytozome, the COMT1 gene was located on chromosome 15 at 236,719 to 239,777 bp on the reverse strand. The genomic coordinates of COMT1 were updated in v4.1: 211,115 to 214,109 bp. 
The primers define the region of DNA for PCR amplification and were designed based on the reference genome v3.1. The forward and reverse primers created a 134-base fragment (between 211,490 and 211,356 bp based on v4.1) that was amplified by PCR.
Primer sequences:
Forward: 5’ – ATT GAA TTC CGC AAG CAG GC – 3’
Reverse: 5’ – GAA ACA AGA AGC AGA CAG GAC A – 3’ 
A PCR-RFLP assay was run on 11 samples — gDNA (non-PCR product) of P1 parent 374, and PCR products of P1 parent 374, P2 parent Walker, samples from 7 F1 offspring, and no DNA. The PCR conditions were as follows: an initial denaturation step at 95°C for 90 seconds, followed by 35 cycles of denaturation at 95°C for 30 seconds, annealing at 55°C for 30 seconds, and extension at 68°C for 90 seconds. 
The PCR product was then digested using the AluI restriction enzyme, which recognizes the AG/CT site. The reference sequence of P. trichocarpa in that region is ACCT. Given the inheritance of P. balsamifera DNA in that region, AluI is expected to cut at 211,470 bp, or position 114 from the 3’ end of the gene of the 134-base fragment. The enzyme digest cycled once at 37°C for 12 minutes and 80°C for 20 mins to heat inactivate. The resulting product was visualized on a 3% agarose gel at 145V with a 100bp ladder.
Sanger sequencing was conducted to confirm the findings of the PCR-RFLP and establish detailed sequence information. Primers were redesigned based on the updated reference genome v4.1 to amplify the entire COMT1 gene (~3kb) with PCR, the presence of which was confirmed using the new primers with gel electrophoresis. Internal, or flanking, primers were designed to compensate for the limitations of Sanger sequencing, as it is unable to sequence DNA longer than ~800bp.
	Primers sequences:
Forward: 5’ – TCG AAG ACG ACG ACT ACT ACT – 3’
Inner_1: 5’ – TCG GTG CCA TTT GGT ATT GC – 3’
Inner_2: 5’ – ACT TGT TTG GCA GTG TGG TTG – 3’
Inner_3: 5’ – CCG GGT GTA GTA ATG CAT GC – 3’
Inner_4: 5’ – GAG TCA TGC ACG TTG ATG CC – 3’
Reverse: 5’ – GCA AGA AAG AGT AAC TGC TCC G – 3’
Sanger sequencing was conducted by the University of Vermont Larner College of Medicine, Vermont Integrative Genomics Resource DNA Facility. The sequences were analyzed on the bioinformatics software platform Geneious Prime.

Local ancestry inference (LAI)
To determine the source of transfer for adaptive alleles in the F1 offspring, genomic regions associated with traits of interest in the admixed P1 parents were investigated for P. balsamifera ancestry. The admixture mapping data provided from collaborators at Virginia Tech revealed genomic regions (loci) that demonstrate patterns of variation associated with physiological and stomatal traits. Using the admixture mapping data, loci were identified using a custom bash and R Studio script based which ancestry source (trichocarpa or balsamifera) a given P1 male possesses at the trait-associated locus, as revealed by SNPs. Candidate loci were identified based on: 1) significant association with traits of interest – stomatal conductance (gws), chlorophyll fluorescence (Phi-PS2), stomata density adaxial (upper face of the leaf), and stomatal density ratio (SDR) –the ratio of stomatal density on the adaxial surface of a leaf to stomatal density on the abaxial (lower) surface of the same leaf– and 2) whether they were hHeterozygous for local ancestry from the parent species, for these traits in the pollen parents.
[bookmark: _9qwykh2jkm7a]
Results
Physiological measurements from growth chamber experiments
Throughout the three rounds of data collection, drought and heat stress significantly affected gsw of F1 offspring from both non-admixed and admixed ancestry (Fig. 4A-F). Under the control watering conditions, admixed progeny demonstrated higher gsw in both temperature conditions compared to non-admixed progeny (Fig. 4A-F). However, admixed progeny also demonstrated higher sensitivity (i.e., plastic response) in gsw response to drought compared to non-admixed progeny (Fig. 4A-F). There were significant differences in gsw response to drought among Drought significantly affected gsw differently between experimental groups at the height of water loss and after watering (Fig. 4A, B & E and Fig. 5A, B & E). The F1 plants of both admixed and non-admixed progeny experienced higher sensitivity under the combined effects of drought and heat (Fig. 4A-F). 

Figure 4. Stomatal conductance of non-admixed and admixed progeny under drought and heat stress. Data was collected twice at the end of each week: at peak drought (A, C, E) and 24-hours after watering for recovery response (B, D, F).
Figure 5. Tables of regression models for stomatal conductance of non-admixed and admixed progeny under drought and heat stress to visualize statistical significance. A p-value <0.05 is considered statistically significant.
Non-admixed progeny demonstrated the highest Phi-PS2 levels between peak-drought and post-drought (Fig. 6A-F) The Phi-PS2 data also exhibited variability that made it difficult to establish consistent trends. There were significant differences in Phi-PS2 response to drought among Drought significantly affected gsw differently between experimental groups at the height of water loss and after watering (Fig. 7A-F). The first round of data showed a reduction in Phi-PS2 was observed for offspring of non-admixed ancestry under control conditions after watering, while an increase in Phi-PS2 was observed in admixed offspring (Fig. 6A, B).  The second round of data showed that both progenies were sensitive to drought and experienced a reduction in Phi-PS2, especially in combination with heat, which increased with watering (Fig. 6C). The third round of data showed that Phi-PS2 significantly decreased for admixed offspring under control temperatures and control water conditions, and an increase in Phi-PS2 under heat stress. (Fig. 6E, F).

Figure 6. Chlorophyll fluorescence of non-admixed and admixed progeny under drought and heat stress.  Data was collected twice at the end of each week: at peak drought (A, C, E) and 24-hours after watering for recovery response (B, D, F).
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Figure 7. Tables of regression models for chlorophyll fluorescence of non-admixed and admixed progeny under drought and heat stress to visualize statistical significance. A p-value <0.05 is considered statistically significant.
Investigating COMT1 by PCR-RFLP and Sanger Sequencing
Gel electrophoresis revealed a single banding pattern at ~134bp for the PCR products of 374, Walker, and the 7 F1 offspring, indicating homozygosity (Fig. 8). The 374 gDNA digested by the restriction enzyme did not have a band present. Further investigation revealed that the primers were designed using outdated information on the P. trichocarpa genome on Phytozome. The DNA sequence reads of the P1 parents were mapped to reads of an older version of the reference genome (v3.1). This version had assembly errors in the region of the COMT1 gene. Reference genome v3.1 suggested heterozygosity of ancestry in the COMT1 region for P1 374. Upon the release of the most recent version of the reference genome (v4.1), the reads were re-mapped to v4.1, which revealed no differences between 374 and the reference genome, indicating that the gene is homozygous for ancestry. Sanger sequencing showed no areas of polymorphisms, directly confirming the homozygosity of the region.
[image: ]
Figure 8. Gel electrophoresis of restriction enzyme digest of PCR products. The F1 samples are offspring from crosses between 374 (P1) and Walker (P2).
Local Ancestry Inference reveals P. balsamifera ancestry for stomatal conductance and stomatal density in admixed P1 pollen donors
Significant loci associated with stomatal conductance, chlorophyll fluorescence, adaxial stomatal density, and stomatal density ratio were identified by admixture trait mapping across chromosomes 4, 7, 10, 12, 15, 18, and 19. Using SNPs that marked local ancestry variation across the significant chromosomal regions in each of our admixed P1 pollen donors, two loci at chromosomes 12 and 19 demonstrated heterozygosity for P1 individual 360 for adaxial stomatal density and stomatal conductance, respectively (Table 1). P1 individual 360 also showed homozygosity for P. balsamifera (Table 1). Chromosome 04 for P1 individual 374 displayed heterozygosity for stomatal density ratio (SDR) and adaxial stomatal density (Table 1). 
	
	Genomic Coordinates
	
	P1 Donors

	Chr
	Start
	End
	Trait
	360
	364
	374

	4
	10488
	
	SD Upper
	2
	2
	1

	
	10488
	11084
	SDR
	2
	2
	1

	7
	167
	9631
	gsw
	2
	2
	2

	10
	4075
	17283
	gsw
	2
	2
	2

	12
	2638
	22401
	SD Upper
	1
	2
	2

	
	22414
	39598
	SD Upper
	0
	2
	2

	
	2638
	40271
	SDR
	2
	2
	2

	15
	19
	30149
	SDR
	2
	2
	2

	
	19
	51981
	SD Upper
	2
	2
	2

	18
	12367
	19225
	gsw
	2
	2
	2

	
	12367
	18271
	Phi-PS2
	2
	2
	2

	19
	10023
	46953
	gsw
	1
	2
	2



Table 1. Local ancestry inference of genomic regions in admixed P1 donors associated with physiological and stomatal traits. The results of the search are indicated numerically: heterozygosity for P. trichocarpa and P. balsamifera alleles = 1, homozygosity for P. trichocarpa alleles = 2, homozygosity for P. balsamifera alleles = 0.

[bookmark: _ittanvci3pe5]Discussion
Offspring of admixed ancestry show heightened responses to drought and heat
Across the three rounds of data collection, a combination of drought and heat significantly affected stomatal conductance in F1 offspring from both admixed and non-admixed parental ancestries. Heat more consistently affected stomatal conductance. Admixed progeny demonstrated a heightened sensitivity to drought through stomatal conductance and slightly poorer recovery post-drought. This may suggest that admixed fathers possess introgressed alleles that may not be beneficial and experience greater susceptibility to drought stress. 
The control groups did not experience heat stress or drought, although stomatal conductance did show a decline from the peak-drought to the post-drought periods (Fig. 4A-F). The naturally occurring diurnal variation in stomatal conductance, which is higher during the day and lower at night, may be a factor in these variations, as well as the plants' continued growth and developmental stages.
Admixed progeny show heightened sensitivity to osmotic stress induced by heat and drought at the peak of stress, coupled with a tendency towards reduced recovery after the stress period (Fig. 4A-F). This may be a cautious response to avoid catastrophic hydraulic failure that could arise from keeping their stomata open during stress. This cautious strategy of stomatal responsiveness could help prevent cavitation, where air bubbles can form in the xylem under extreme water conditions (Johnson et al., 2022). Alternatively, it could suggest that admixed plants experience more physiological stress in the form of more negative water potentials and turgor loss compared to non-admixed plants under the same environmental conditions.
Higher values of Phi-PS2 indicates greater efficiency in photosynthetic electron transport through photosystem II (PSII), while lower values indicate saturation of PSII reaction centers and increased stress (Murchie et al., 2013). It is expected that under stress conditions, there would be a decrease in Phi-PS2. However, there were instances where higher rates of chlorophyll fluorescence were associated with lower rates of stomatal conductance with offspring of both ancestries under double stress (Fig. 4A,B and F and 6A,B and F). Typically, chlorophyll fluorescence and stomatal conductance have a positive relationship, where more open stomata allow for greater conductance, leading to higher rates of photosynthesis (Murchie et al., 2013). When plants undergo multiple stressors simultaneously, such as heat and drought in combination, they may allocate resources differently to deal with them. Higher Phi-PS2 values may indicate an adaptive response to stress, allowing plants to collect more energy continue photosynthesizing and avoiding photoinhibition even when stomata are partially closed due to dryness decreasing water potential (Murchie et al., 2013). This trade-off may result in lower stomatal conductance, which limits total CO2 uptake, but can also lead to increased water use efficiency (amount of C fixed per unit of water lost through stomata) (Murchie et al., 2013). Closed stomata also reduce CO2 available inside the leaf for photosynthesis, potentially increasing Phi-PS2 as PSII adapts to low CO2 circumstances (Murchie et al., 2013). However, because the chlorophyll fluorescence data presents considerable variability in the current experiment, despite producing statistically significant results, it is difficult to establish trends.
Further experiments, such as gradually applying drought stress to each plant until turgor loss or hydraulic conductance failure occurs, combined with precise water potential measurements, could reveal whether progeny from admixed parents exhibit a more conservative stress response strategy compared to progeny from non-admixed parents.
 
Candidate gene searches for heterozygous admixed ancestry
It was hypothesized that the admixed parent 374 would be heterozygous at the genomic region associated with COMT1 based on initial mapping results of its sequencing reads against the v3.1 reference genome of P. trichocarpa. A PCR-RFLP assay was designed by amplifying a genomic region containing a RFLP diagnostic for the difference sources of ancestry (balsamifera and trichocarpa), followed by enzyme digestion and electrophoresis. It was predicted that approximately 50% of offspring inherit the trichocarpa allele and show a single band (uncut), while the other 50% would receive the balsamifera allele and produce 3 bands (1 uncut band + 2 bands resulting from the cut site). However, contrary to this prediction, gel electrophoresis revealed a single banding patter in F1 offspring from P1 374, indicating homozygosity for P. trichocarpa ancestry in the 374 parent. Further investigation revealed that the primers were designed using outdated genomic information on the P. trichocarpa on Phytozome. Interestingly, there were assembly errors in this region, which suggests genomic complexity due to structural variations. The Sanger sequencing analyses confirm that 374 is homozygous in that genomic region, which explains the lack of restriction enzyme digest on the gel.
Additionally, when performing a restriction enzyme digest on whole genomic DNA using the AluI restriction enzyme, it is expected that multiple of cleavage events happen due to the presence of numerous AluI recognition sites scattered across the approximately 500 megabases of the poplar genome. This would appear as a continuous smear on the gel. However, a band was not visible on the gel in the gDNA well due excess dilution of sample (5 ng/μl).
Additional investigations into heterozygous regions of ancestry at candidate genes were undertaken using results from admixture trait mapping. Stomatal density ratio and adaxial stomatal density are important in plant physiology and adaptation, as they play a crucial role in CO2 uptake and water retention (Dillen et al., 2008). These traits also demonstrate strong positive selection in the genome for disease resistance, which can be an important source of trade-off for admixed genotypes. 
The decrease in stomatal conductance observed in admixed offspring from the growth chamber experiments may be a trade-off for disease resistance against leaf rust, or infection of the fungal pathogen Melampsora. Stomata serve as entry points for certain foliar pathogens. Physiological models suggest that having an equal density of stomata on both upper and lower leaf surfaces enhances transpiration efficiency. However, if stomata are primarily located on the upper leaf surface, the risk of pathogen colonization increases, potentially making the leaves more vulnerable to infection (Fetter et al., 2021).
[bookmark: _oe7p22dp385s]360 and 374 is heterozygous at genomic regions associated with gsw, SDR, and SD upper. Interestingly, 360 is homozygous for P. balsamifera at genomic regions associated with SD upper, which may suggest that the introgressed balsamifera alleles may enhance stomatal efficiency. Future experiments could explore whether the presence of the balsamifera allele at these genomic regions directly influences stomatal behavior and if it indirectly affects disease resistance pathways, as well as incorporate P1 individual 360 in experiments. Offspring that inherit the balsamifera allele would exhibit a greater decrease in stomatal conductance compared to non-admixed offspring but may exhibit greater disease resistance. Additionally, variations in these traits provide insight in the success of admixed P. trichocarpa and will help us understand how they will respond to climate change. Genotyping the F1 individuals at the genomic regions of interest could be used to establish correlations with growth chamber data and identify specific inherited introgressed alleles responsible for the observed drought and heat stress responses, providing insights into the genetic basis of stress resilience in admixed plant populations.

Conclusion
The effects of admixture on stress response to drought and heat was studied through physiological measures of stomatal conductance and chlorophyll fluorescence. It was concluded that offspring of parent with admixed ancestry show heightened responses to drought and heat, demonstrating a heightened sensitivity to drought through stomatal conductance and slightly poorer recovery post-drought. This suggests that admixed parents may possess introgressed alleles that may not be beneficial and experience greater susceptibility to drought stress. Furthermore, variations in stomatal density ratio and adaxial stomatal density provide insight into the success of admixed P. trichocarpa. Due to the findings of the local ancestry inference that establish heterozygosity in 374, it would be worth investigating in future research if trade-off exists for disease resistance. Future research could also investigate whether admixed progeny exhibit a more conservative stress strategy under gradual drought stress.
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E)

Round 1 Chlorophyll Fluorescence Peak Drought

Round 1 Chlorophyll Fluorescence Post Drought

Predictors Estimates CI p
(Intercept) 0.73 0.72-0.74 <0.001
Temperature [heat] -000 -0.02-001 0.642
Water [drought] -001 -0.02-001 0313
genetics [NonAdmixed] -001 -0.03--0.00 0.049
Temperature [heat] * 0.02 -0.00-0.04 0.079
Water [drought]

Temperature [heat] * 0.02 0.00-0.04 0.035
genetics [NonAdmixed]

Water [drought] * 0.03 001-0.05 0.001
genetics [NonAdmixed]

(Temperature [heat] * 004 -007--0.02 0.002
Water [drought]) *

genetics [NonAdmixed]

Observations 473

R2/R2 adjusted 0.039/0.024

Round 2 Chlorophyll Fluorescence Peak Drought

Predictors Estimates CI P
(Intercept) 0.72 071-0.74 <0.001
Temperature [heat] 0.00 -0.02-0.02 0.960
Water [drought] -001 -0.03-0.01 0.522
genetics [NonAdmixed] -0.00 -0.02-0.02 0.755
Temperature [heat] * -003 -006--0.00 0.029
Water [drought]

Temperature [heat] * 002 -001-0.05 0.302
genetics [NonAdmixed]

Water [drought] * 0.04 0.01-0.07 0.017
genetics [NonAdmixed]

(Temperature [heat] * -003 -0.08-0.01 0.116
Water [drought]) *

genetics [NonAdmixed]

Observations 477

R2/R? adjusted 0.091/0.077

Round 3 Chlorophyll Fluorescence Peak Drought

Predictors Estimates CI P
(Intercept) 0.73 072-0.74 <0.001
Temperature [heat] -000 -002-001 0.643
Water [drought] -001 -003-0.00 0.135
genetics [NonAdmixed] 0.00 -0.01-0.02 0.742
Temperature [heat] * 0.01 -001-0.03 0426
Water [drought]

Temperature [heat] * -000 -003-0.02 0.678
genetics [NonAdmixed]

Water [drought] * 0.03 0.00-0.05 0.029
genetics [NonAdmixed]

(Temperature [heat] * -003 -0.07-0.00 0.050
Water [drought]) *

genetics [NonAdmixed]

Observations 513

R?/R2 adjusted 0.037/0.024

Predictors Estimates CI P
(Intercept) 0.74 0.73-0.75 <0.001
Temperature [heat] 001 -002-001 0.366
Water [drought] -001 -003-0.00 0.149
genetics [NonAdmixed] -0.03 -0.04--001 0.001
Temperature [heat] * 0.01 -001-0.03 0.319
Water [drought]

Temperature [heat] * 0.03 0.01-0.05 0.004
genetics [NonAdmixed]

Water [drought] * 0.05 0.02-007 <0.001
genetics [NonAdmixed]

(Temperature [heat] * 004 -008--001 0.009
Water [drought]) *

genetics [NonAdmixed]

Observations 519

R?/R? adjusted 0.045/0.032

) Round 2 Chlorophyll Fluorescence Post Drought

Predictors Estimates CI p
(Intercept) 0.73 072-0.75 <0.001
Temperature [heat] -000 -002-001 0.578
Water [drought] -001 -0.03-0.01 0.254
genetics [NonAdmixed] 0.00 -0.01-0.02 0.790
Temperature [heat] * 0.01 -002-0.03 0.556
Water [drought]

Temperature [heat] * 000 -0.02-0.03 0.742
genetics [NonAdmixed]

Water [drought] * 002 -000-0.04 0.088
genetics [NonAdmixed]

(Temperature [heat] * -002 -005-0.02 0.378
Water [drought]) *

genetics [NonAdmixed]

Observations 486

R2/R2 adjusted 0.020 / 0.006

Round 3 Chlorophyll Fluorescence Post Drought

Predictors Estimates CI P
(Intercept) 0.74 072-075 <0.001
Temperature [heat] -0.01 -003-001 0.167
Water [drought] -003 -005--001 0.001
genetics [NonAdmixed] -0.00 -002-002 0.877
Temperature [heat] * 0.05 0.02-0.07 0.001
Water [drought]

Temperature [heat] * -0.00 -003-0.02 0.830
genetics [NonAdmixed]

Water [drought] * 0.04 001-0.06 0.008
genetics [NonAdmixed]

(Temperature [heat] * -004 -008-0.00 0.052
Water [drought]) *

genetics [NonAdmixed]

Observations 507

R? /R adjusted 0.043/0.029
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