Influence of drought-associated genetic variants and microbial symbionts on conifer seedling drought response under climate change

1. Abstract

Under climate change, increasing drought stress has been linked directly to tree death in tropical and temperate forests and has been indirectly linked to tree death via insect or pathogen outbreaks. As ecologically and economically important tree taxa, conifer mortality tends to be more common in the drier interior forests where mortality from fire, insects, and disease result in higher rates of death. Selecting tree seedling with higher drought tolerance for reforestation may increase forest stability and carbon storage. On one hand, genome–environment associations (GEA) can be used to predict seedlings stress response by associating single nucleotide polymorphism (SNP) alleles and parameters from the accessions’ original environment. On the other hand, symbiotic microbes can influence the growth and survival of plants under drought,could be used alone or in combination with genetic selection to increase seedling drought tolerance. However, few studies have investigated how the interaction of genotype and microbiome influence drought response in trees. The goal of this study is to is to gain a synthetic understanding of conifers’ drought response based on both genotype and microbial community so as to better predict forest responses to changing climate. Specifically, I aim to investigate 1) whether rare surviving Abies religiosa seedlings planted in a dry common garden share genetic variants linked to drought-tolerance 2) whether GEA can predict Pinus ponderosa seedlings’ survival and growth in a post-fire planting better than source population alone and 3) how the interation between genotype and inoculation with dry-site vs. wet-site microbiomes affects P. ponderosa seedling’s drought responses. The results of this study will help identify seedling sources and seedling inoculation sources for forest management and conservation under increasing drought stress.

2. Introduction

2.1 Background

Conifers are ecologically important taxa in temperate regions around the world, particularly in northern temperate and Mediterranean regions as well as often being important timber species (Li et al. 2021). Dry coniferous forest types are common throughout the western United States, especially occurring on relatively moisture-limited sites at lower elevations, including the Rocky Mountains, the Black Hills, and the Sierra Nevada (Peet 1988; Burns and Service 1990). 

As one of the largest terrestrial carbon reservoirs, conifer forest can sequester carbon in their own biomass as well as in the soil which prevents increases in atmospheric CO2 concentrations(Gurmesa et al. 2013; Laclau 2003; Frouz et al. 2009). Summed over the land area of the US, forests sequester 148-204 Tg year -1 of carbon, which would offset 10-19% of the annual fossil fuel emissions in the US(Powers et al. 2013; Birdsey, Pregitzer, and Lucier 2006; Woodbury, Smith, and Heath 2007). Particularly, in well-developed forest soils more soil organic carbon is stored under coniferous than broadleaf trees presumably because conifer litter decomposes more slowly than broadleaf litter(Hüblová and Frouz 2021). However, climate change is increasing drought stress on forests, becoming a major threat to the stability and function of forests around the world, including conifer-dominated systems (O’Brien et al. 2017). 

The California drought of 2012–2016 was among the most severe in the past millennia and was especially notable for its magnitude and impacts on forest ecosystems (Lund et al. 2018; Stephenson et al. 2018). From 2010 to 2017, over 129 million trees died during this drought, largely in the southern Sierra Nevada Range from drought and the compound effects of drought and insect outbreaks (Zald et al. 2022).This drought event not only resulted in significant mortality of ecologically important large pine trees but also caused forest carbon stores disruption and forest carbon debt reallocation, creating fuel conditions conducive to more extreme fire behavior(Kern, Su, and Hill 2020). With declines in winter snowpack as well as increase in drought frequency and intensity in future, it is needed to develop forest management strategies to reduce the effects of drought on forest mortality and ecosystem services(Livneh and Badger 2020). 

One of the efficient forest management strategies is the selection of drought-tolerant species and genotypes for use in reforestation after fire, harvest, or other disturbances (Clark et al. 2016). Because of their long time to reproductive maturity and large physical size, traditional trait-based breeding is much more difficult for trees than agricultural crops (Lebedev et al. 2020). In the USA, one cycle of pine species improvement with classical methods can take about 30 years (Harfouche et al. 2012). Due to advances in next generation sequencing and the use of large amounts of SNP markers, genomic selection(GS) become a popular tree seeding selection methods with shorter period and higher accuracy. Lots of studies based on GS for resistance to stresses have been conducted to date, including diseases(Torkamaneh, Laroche, and Belzile 2016), pests(Lebedev et al. 2020) and drought(Bouvet et al. 2020; Laverdière et al. 2022). For drought stress, genomic studies have demonstrated that genome–environment associations (GEA) can be used to identify adaptive loci and predict phenotypic variation(Savolainen, Lascoux, and Merilä 2013; Cortés and Blair 2018). 

Widespread tree species often show local adaptation to climate and associated genetic differences(McKenney, Mackey, and Joyce 1999; Gross, Fatemi, and Simpson 2017). However, tree genetic adaptation is not the only factor influencing seedling drought responses (Bucharova 2017), and seeding reforestion could be limited by maladaptation to local microbes(Kranabetter, Stoehr, and O’Neill 2015). It has been shown that the inoculation with ectomycorrhizal fungi (EMF) and plant growth-promoting bacteria (PGPB) can enhance drought tolerance in tree seedlings (Wang et al. 2021; Tiepo et al. 2018). However, certain plant genes could play a role in shaping drought tolerance indirectly, through influencing the plant’s microbiome (Johnson et al. 2012). Gehring et al. (2017) illustrated that tree genetics could influence tree responses to drought by strongly determining its EMF community and particular combinations of plant genotype and mutualistic EMF communities can improve the survival and growth of trees with drought.

Most studies to date have focused on either tree genotype or tree microbial symbionts, but how these two factors simultaneously shape the tree seedling drought response under climate change remains unknown. Thus, a full understanding of the conifer drought responses requires consideration of the interactions between genetic variants, microbial symbionts and climate variables. 

2.2 Study Goal

To gain a synthetic understanding of conifers’ drought response based on both genotype and microbial community so as to better predict forest responses to changing climate.  Specifically, to investigate:

1) whether rare surviving Abies religiosa seedlings planted in a dry common garden share genetic variants linked to drought-tolerance. 
2) whether GEA can predict Pinus ponderosa seedlings’ survival and growth in a post-fire planting better than source population alone and 
3) how the interation between genotype and inoculation with dry-site vs. wet-site microbiomes affects P. ponderosa seedling’s drought responses. 

The results of this study will help identify seedling sources and seedling inoculation sources for forest management and conservation under increasing drought stress.
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Figure 1 Genotype and microbial symbionts shape conifer drought response simultaneously under climate change



3. Research plan
Chapter 1 Genetic variation among survivors of heat/drought stress in Abies religiosa versus initially planted populations.

Background
The sacred fir (Abies religiosa) is an important species for Mexican biological conservation because it provides the overwintering sites of the monarch butterfly (Danaus plexippus L.) from November to March (A.L. Cruzado-Vargas et al. 2021). The dense needles of A. religiosa provide a moderate temperature for butterflies under conditions where they would otherwise overheat or freeze (Anderson and Brower 1996). A. religiosa is widely distributed within the Trans-Mexican Volcanic Belt, at between 2400 and 3600 m a.s.l. and mostly between 19° and 20° in latitude North(A.L. Cruzado-Vargas et al. 2021). However, like forests in California, forest disturbances in monarch butterfly reserves have been directly favored by climate change, with storms, droughts, and bark beetle outbreaks casing the death for numerous trees (Gómez-Pineda et al. 2022). Understanding the difference of climate response between various population of trees plays an important role in selecting appropriate seed sources for reforestation (Ana L. Cruzado-Vargas et al. 2020). 

Previous studies in firs have indicated genetic variation in drought tolerance. After sampling European silver fir (Abies alba Mill.) trees from pairs of high- and low-elevation plots on four different mountains, Roschanski et al revealed 16 SNPs which were associated with winter drought, and one of them showed strong evidence of selection with respect to elevation (Roschanski et al. 2016). Irene Cobo-Simón found SNPs related to drought resilience in Abies pinsapo, suggesting candidate genes involved in its drought adaptive capacity(Fady et al. 2020).  

Dr. Cuauhtémoc Sáenz-Romero of the Universidad Michoacana de San Nicolás de Hidalgo, in Morelia, Mexico, has been studying Abies religiosa and the potential for assisted migration – moving a species or genotype into an area that is becoming climatically suitable for it due to warming – for many years. Recently he found that survival of all populations of firs seedlings was high when planted at 3000 and 3400 m sites, but most died at 2600 m. We found that, in the high- and mid-elevation gardens, seedlings transferred 125 m upward relative to their source had optimal survival at the higher elevation gardens (Figure 2), suggesting that climate change has already caused moderate maladaptation to local conditions. However, a few seedlings out of multiple moderate-to-low elevation populations could still survive and thrive in the low-elevation gardens. High-elevation (3364-3552 m) seedlings were more likely to die, yet some high-elevation seedlings did survive, which raises the question of what is different about these individuals. 

For this chapter, we will be comparing the genotypes of seedlings that survived at low elevations to those from the high survival upper gardens (which will be used to represent the initial allele frequencies) to identify loci under selection. The SNPs that are at elevated frequency in low elevation survivors will be compared to sequence databases to see whether they are in genes known to be associated with drought- or heat-responses. We will also conduct a genotype-environment analysis (GEA) using the different source populations to identify loci associated with climate variation along this elevation transect.
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Figure 2. Population survival rate versus elevation transfer distance for Abies seedlings at in 3000 to 3400m common gardens

Questions 
Q1.1 Do Abies religiosa populations from different elevations exhibit genetic differences indicative of adaptation to local climate?  
Q1.2 Is survival at hotter low-elevations site linked to particular genetic variants?

Hypotheses 
H1.1 Genetic differences indicating response to climate change will be found between A. religiosa populations from different elevations. 
H1.2 There will be higher frequency SNP alleles associated with drought response in low elevation garden survivors relative to their source populations, indicating that the extreme conditions selected for these variants.

Methods
Needle samples were collected for all surviving seedlings from the low elevation garden (N=17) and 17-20 individuals per source population (N=217). Because survival at higher-elevation gardens was near 100%, these latter seedlings will be used to represent the “starting populations”. Needle samples were dried over silica gel and shipped to UC Merced where we extracted their DNA using DNeasy plant DNA extraction kits. The samples will be sent to the UC Davis genome center for genotyping by sequencing (GBS). 

We will then identify SNPs by using Stack software package with de novo approach (Catchen et al. 2011) because there is no assembled Abies genome with which to align reads. We will filter seedling SNPs to include only diallelic sites present in at least 95% of individuals with minimum mean coverage depth of 5 and minor allele frequency (MAF) ≥ 0.10 (Martins et al. 2018). Climate variables will be downloaded for the source populations from the Digital Climatic Atlas from Mexico, and then we will perform GEA to test for associations between SNPs and climatic gradients using a latent factor mixed model implemented in LFMM2. 

The seedlings survival rate of high elevation is close to 100%, so we will call these individuals the “initial planting” while the survivors in low elevation will be called “survivors”.  The Fst values will be calculated using VCFtools (-FST-window-size 500,000 -FST-window-step 50,000) to test how the survivors are genetically different from the initial planting(Du et al. 2023). Furthermore, VCFtools will be used to investigate the genetic diversity of these two groups, including expected heterozygosity (He), observed heterozygosity (Ho), and nucleotide diversity (Pi). 

For SNPs found to be significantly associated with climate, and those found to be at elevated frequency among survivors of the hot, dry garden site, we will identify putative functions of the genes they are linked to using a search of database at the NCBI (National Center for Biotechnology Information) (USA) with minimum e-value of <1.0 × 10−6 as the threshold to extract the Gene Ontology (GO) terms associated with the blasted hits using the program Blast2GO(Conesa et al. 2005). The three major GO terms, cellular component (CC), biological process (BP), and molecular function (MF) will be determined with the e-value hit filter < 1.0 × 10−6. Finally, details of the pathway annotation with these SNPs will be produced using the KEGG (Kyoto Encyclopedia of Genes and Genomes) database.

Border impact
The genetic data can be added to GenBank, which provides a jumping-off-point for future studies since there has been little genetic work done to date on Abies religiosa or other members of its genus. Since the environmental challenges facing California and Mexico are similar, the results of this project can be applied to the forest in the western United States. Moreover, this project can also develop international collaboration with Dr. Saenz-Romero who is a leading expert in the field of assisted migration.


Chapter 2 Testing predictive ability of climate-associated SNPs in post-fire restoration plantings.

Background
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]There has been much emphasis placed on the restoration of ponderosa pine (Pinus ponderosa) and dry mixed-conifer forests in the last several decades in the western United States(Addington et al. 2018). Pinus ponderosa and mixed-conifer forests are the predominant montane forest type in the Sierra Nevada, southern Cascade Range, and neighboring forested areas on the Modoc and Inyo National Forests(Safford and Stevens 2017).  The contemporary forest management template for these forest types is being altering by the increasing incidence of wildfires across the southwestern United States (US)(Stevens et al. 2021). Under the increasing frequency and severity of fire and drought events, selecting seedings for reforestation has great significance, typically for post-fire management(Williams and Dumroese 2013). Forest managers need to understand what kind of seedings can better survive under changing climate in the postfire environment, especially following high severity fires, so that forests might be better managed for long-term sustainability and resilience in a changing world(Welch, Safford, and Young 2016). 
Compared to traditional breeding and molecular biology methods, "climate matching" is a straightforward and economical way to select tree seedlings which involves choosing seeds populations that, when parent trees were establishing, had climatic conditions similar to those at the planting site(Prober et al. 2015; Ruiz-Talonia et al. 2014; O’Neill 2017; McKenney, Mackey, and Joyce 1999). However, the seeds selected by climate matching might not be adapted to the soil, photoperiod or species interactions in planting site (Way and Montgomery 2015). Genetic association studies could be employed to pick source trees from among more local sources whose offspring are likely to perform well under future climate but also carry other locally favored alleles(Wilcox, Echt, and Burdon 2007; Pluess et al. 2016). Even though the number of sequenced tree genomes remains low, using close relatives’ genome sequence as reference and getting partial genetic information can yield information predictive of performance under dry or hot conditions(Nystedt et al. 2013; Jaramillo-Correa et al. 2015). It was found that the frequency of 18 SNPs associated with hot/dry conditions within a population predicted survival in a garden at the hot/dry end of this species' range(Jaramillo-Correa et al. 2015). By aligning genetic sequence to Pinus lambertiana genome, 494 of the identified outlier SNPs strongly associated with climate variables predicted Sierra Nevada whitebark pine (Pinus albicaulis Engelm) forest drought response(van Mantgem et al. 2023). 
Dr. Jessica Wright’s team (USDA Forest Service) has been conducting a planting experiment which mixed the locally-sourced seedlings with other seedlings from higher and lower elevation at three planting sites within the 70,944 acres burn scar of the King fire. The sites are located at elevations of 4,400 to 4,800 feet within seed zone 526. Source trees included genotypes from the planting site seed zone but also the neighboring seed zones (525 and 531) within the local breeding zone. Seedlings were planted using standard operational planting techniques, with 100 trees per acre approximately 20 feet apart. The sites were revisited each summer by teams of UC Merced undergraduates or Forest Service volunteers who measured the height, basal diameter, and proportion of live needles for all the seedlings they were able to locate. In 2020, the field team also collected needle samples from any seedlings where these samples could be collected without undue injury to the seedling. These samples were labeled and dried over silica gel for later genetic analysis. A prior analysis by Moran-lab PhD student Mengjun Shu identified SNPs associated with source-climate variation in ponderosa pine, and associated with drought responses of seedlings in the greenhouse(Shu and Moran 2023). 
In this chapter, we will select seedlings cover the full range of different elevation bands in seed zones to do the genotypes sequencing. Then we will examine the samples’ genotypes at SNPs which were previously found to be associated with source-climate variation in ponderosa pine (Shu and Moran 2023). These overlapping loci will be defined as climate-associated locus whose allele frequency will be calculated for the 488 samples. Then genotypes whose source climate source is similar to current climate will be identified. The allele in these trees with higher frequency than in all the samples will be treated as locally favored. Seedlings will be scored by the number of locally favored locus. Finally, we will use multivariate statistical models to test whether geographical source or genotype better predicts seedling growth and survival.

Questions
Q2.1 Do climate associated SNPs help predict survival in post-fire planting more than geographical source?
Q2.2 Are the climate variables that were most often associated with genetic variation in wild populations the same ones that best predict survival or growth of planted seedlings? 

Hypotheses 
H2.1 Models including the number of climate associated SNPs will outperform models with geographic source as a predictor.
H2.2 Because April 1st snowpack and minimum winter temperature were associated with the highest number of SNPs in the wild, the values of these climate variables during the experiment will also be important in the survival and growth models.

Methods
Open-pollinated seeds were collected in the Forest Service Nursery located in Placerville, CA and bulked by low, medium, and high elevation bands before propagation. “Low” was defined as 2,500 - 4000 ft, “medium” as 4,001-5,000 ft, and “high” as 5001-6,000 ft. In order to ensure seedlings samples covering the full range of current home site climates, 488 individuals were selected for genetic sequencing. The survival and growth data for these individuals were collected.For the SNPs data, ApeKI will be as a restriction enzyme. 48-plex GBS libraries will be sequenced using an Illumina HiSeq 4000 platform. The best-performing pipeline - in terms of producing a large number of SNPs with a low percentage of paralogs - was Stacks with the P. taeda genome used as a reference (Shu and Moran, 2023). We therefore used this approach to test the genotypes for 488 Pinus ponderosa planting seedlings and identify their SNPs with the P. taeda genome as a reference. 

For the source climate information, we chose 1921-1950 time period because it better approximates the conditions under which the wild trees that were grafted into the orchard became established and underwent selection as seedlings and saplings. For the planting site climate data, we chose 1991-2020 climate averages as “current climate”. All the climate data will be obtained from the California Basin Characterization Model (CA BCM), which downscales PRISM data to a 270 m grid (Flint et al. 2013).

We will examine the samples’ genotypes at SNPs which were previously found to be associated with source-climate variation in ponderosa pine. The overlapping SNPs will be treated as candidate loci to predict the seedling performance. Then we will define the locally favored alleles. Allele frequency at each climate-associated locus will be calculated for the entire samples. We will identify tree genotypes that come from climates that, for 1921-1950 are within 0.2 standard deviations of the average planting site climate in 1991-2020 for each of the climate variables. If the frequency for an allele is higher in trees from climates similar to the planting site than it is in the samples from across California, this was considered a “locally advantageous allele”. The number of these alleles for that locus (0, 1, or 2) will be calculated for each individual.

For each set of climate-associated loci, the proportion of locally favored genotype will be calculated for each individual in two ways:

        (eq. 1)
          (eq. 2)
where T.g is the number of loci genotyped for that individual, ho is the number of those loci homozygous for the favored allele, and he is the number of loci heterozygous for the favored allele. FG1 assumes that allele effects tend to be additive, with the effect of two copies of the favored allele being twice as good as having a single copy. FG2, on the other hand, reflects whether an individual has the locally favored allele or not, rather than how many copies it has.

To further investigate the effects of source elevation or genotype in the context of other factors influencing seedling survival and growth, we used a similar Bayesian generalized linear modeling framework as Moran et al. (2019) and Moran et al. (2017). A simple linear mixed model will be used to get height growth rate from living individuals. Survival is treated as Bernoulli processes, with 1 denoting survival and 0 mortality. Some predictors, including site, are coded as indicator values: 1 if the seedling belongs to that group and 0 if it does not. Other variables such as last year’s height, local or source climate, and number of loci with locally favored alleles are treated as continuous. 

Because sites were planted in separate years, it is not able to separate site from planting year effects; these will henceforth simply be referred to as “site” parameters, which will be included in all tested models (Table 1). As much of the mortality in seedlings often occurs in the first year of establishment, while older seedlings have higher survival rates, seedling age will be also included in all models. Other factors that were tested include height in previous year (LastHeight), local site climate variables in current year (LocalClim), source elevation band (Source), and number of loci with locally favored alleles (Genotype). Predictive Loss will be used to determine which combination of predictor variables best explained the results(GELFAND and GHOSH 1998).

	Model name
	Variables

	S0, G0
	Site + Age

	S1, G1
	Site + Age + LastHeight

	S2, G2
	Site + Age + LocalClim

	S3, G3
	Site + Age + Source

	S4, G4
	Site + Age + Genotype

	S5, G5
	Site + Age +LocalClim + LastHeight +Source

	S6, G6
	Site + Age +LocalClim + LastHeight+Genotype


Table 1: Models tested. (S refers to survival, G to growth)

Border impact
The model testing result might could applied to other tree species for selecting climate-resilient seed sources for restoration plantings. Code for the full statistical models and input files for seedling data and climate will be published on Github (https://github.com/emoran5/PILA_post-fire_seedling_model). Raw DNA sequencing data will be made available at the National Center for Biotechnology Information (NCBI) and individual SNP genotypes will be made available on Dryad (https://doi.org/10.6078/D1MH7P).


Chapter 3 Manipulate seedling microbiome to test the combinational effects of genetic background and microbiome on pine drought response.

Background:
It is increasingly recognized that tree drought response is strongly influenced by symbiotic microbial communities(Kristy et al. 2022; Gorzelak et al. 2015; Bolton, Ivory, and McDowell 2013).Inoculation with microbial communities from dry environments can increase plant biotic and abiotic stress tolerance(Zhou et al. 2021; Boczoń et al. 2021). Beside the adaptive changes of plant traits due to natural selection, the changes of microbial community can also drive the trees’ positive responses to drought stress(Griffin-Nolan et al. 2021). The microbial communities with functional relevance for tree drought tolerance can be separated into two groups - mycorrhizae and endophytes. 

The term mycorrhizae mean "fungus root" and can be defined as a beneficial symbiotic association between plant roots and specific soil fungi(Janerette 1991). The associations between trees and mycorrhizal fungi can enhance tree performance by different mechanisms. These associations will improve water and nutrients uptake under conductive conditions and improve tree resilience to nutrient deficiency, water scarcity, or soil-borne pathogens under limited conditions(Ouledali et al. 2018; Fouad et al. 2014; Tekaya et al. 2022). Ouledali et al illustrated that inoculation arbuscular mycorrhizal fungi (AMF) can improve turgor potential, stomatal function and mineral uptake (K, N, Zn, and Fe) for olive trees(Ouledali et al. 2018). Wang et al. showed that the inoculation of Pinus tabulaeformis with the ectomycorrhizal (ECM)  Suillus variegatus could improve seeding mortality rate, height, root and leaf biomass when subjected to severe drought stress (Wang et al. 2021).

Endophytes are organisms living as symptomless colony, maybe during a part of their life cycle, inside the host plants(Arora and Ramawat 2017). Endophyte bacteria and fungi can influence the survival, growth, and health of trees (Terhonen et al. 2019). These interactions might be positive or negative. In some cases, water stress to trees can turn the innocuous endophytes into phytopathogens which will cause infection symptoms in trees (Terhonen et al. 2019). However, other endophytes can trigger host defense systems and enhance tree drought tolerance by improving the elasticity of plant cell walls(Malinowski and Belesky 2000), up-regulating the antioxidant system(Hamilton and Bauerle 2012), and producing indoleacetic acid and gibberellin (Ferus, Barta, and Konôpková 2019). The ability of endophytic fungus Beauveria bassiana in mitigating drought stress in dehydrated red oak seedlings, which manifested as a smaller decrease in leaf stomatal conductance, low free proline concentration (Ferus, Barta, and Konôpková 2019).

Certain plant genes could play a role in shaping drought tolerance indirectly through influencing the plant’s microbiome(Johnson et al. 2012; Gehring et al. 2017)It is highlighted that the mechanism of the associations between EMF colonization and plant genotypes might help tree recover from drought (Swaty et al. 2004; Griffin-Nolan et al. 2021). Few studies have examined the influence of genotypes and microbial communities on tree seedling drought responses. Thus, we want to gain an understanding of the combinational influence of gene and microbes on pine seedling drought response so as to better predict forest responses to changing conditions and inform restoration practices. In this chapter, we will collect the seeds with varying genetic drought resilience, as determined by previous analyses, germinate them in the greenhouse, and inoculate the resulting seedlings with arid-site vs. mesic-site microbial communities. The drought tolerance of these seedlings will then be tested. 

Questions
Q3.1 Does inoculation with microbes from dry vs wet sites modify drought responses?
Q3.2 Is there an interactive effect between genotype and microbiome effects on seedling drought tolerance?

Hypothesis 
H3.1 Inoculation of microbes from dry sites will result in higher performance for seedling drought tolerance in greenhouse experiments.
H3.2 Combination of genotypes and microbial symbiont by soil can better predict the pine seedlings survival and growth than microbial symbiont by soil in a greenhouse.

Methods
Soil samples, leaves, and litter will be collected from four field sites across CA that differ most in precipitation, and the two that differ most in climatic water deficit (CWD) within the ponderosa pine range, resulting in 4 soil treatments. Four families of ponderosa pine seeds from the Chico seed orchard that showed the two highest and two lowest levels of drought tolerance in the prior greenhouse experiment(Wu, Shu, and Moran 2023; Shu and Moran 2023). Seedlings will be collected during summer 2024, surface-sterilized, and stratified (soaked and put into refrigerator for 2 months). During 2024 fall, seeds will be grown in the greenhouse in tubes 1.4 m long with an 8 cm diameter. Ponderosa pine seedlings were previously observed to grow > 1 m of root length within the first year(Shu 2020; King, Thomas, and Strain 1997); this custom pot design allows for a root: shoot allocation of growth more closely resembling wild seedlings than standard nursery-grown seedlings.  There will be 90 seedlings from each family in both wet and dry treatments, 360 seedlings in total.

Germinating seedlings will initially be separated by soil treatment to prevent contamination, sprayed with the inoculum which will be mixed in a 10:90 ratio with autoclaved high sand growing medium, with a portion of each field sample being sterilized and mixed with sterilized soil from the other sites to create a control(Cheeke et al. 2019). A thin layer of crumbled leaves and litter will distribute across the soil surface (Whitaker et al. 2017). Control seedlings will be treated with heat-killed leaves, litter, and spray(Cheeke et al. 2019). Seedlings will be randomized by family into 4x3 blocks of 12 tubes (3 replicates per family), each representing one of the 3 soil treatments, and the soil treatment blocks randomized within the greenhouse. After inoculation, half of the treatment seedlings will be kept moist (watered 2x/week), while half will be subjected to drought (watered every 2 weeks). The drought treatment process will last 8 weeks. Watering will be directly onto soil via a drip system, to avoid cross-contamination of microbes between treatments.
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Figure 3 Design for seedling greenhouse experiment

Survival will be recorded each week, and height growth, maximum rooting depth, and root & shoot dry mass will be measured for all seedlings at the end of the treatment period. Leaf water potential (Ψleaf) will be measured on needles, using a Scholander pressure chamber (PMS Inc., Corvallis, OR USA). Measurements will be made on four fascicles (two needles per fascicle) on the upper crown. Environmental parameters will be keeping constant over the experiment to keep environmental conditions in the greenhouse similar to those in the rest of the canopy. 

One-way ANOVA (Analysis of Variance) will be used to test which traits are strongly related to drought response by comparing the data from wet and dry treatment. Strong associated traits will be selected as dependent variables which are continuous. For the data of selected traits, their univariate outliers will be detected by using boxplots. Genotypes and microbial symbiont will be treated as independent variables to test its influence for selected traits separately by using two-way ANOVA. As the independent variables, genotypes will consist of 4 categorical groups (four family seedlings) while microbial symbionts will consist of 3 categorical groups (five soil types). 

Two-way multivariate analysis of variance (two-way MANOVA) is often considered as an extension of the two-way ANOVA, which will be used to test the combinational influence of gene and microbes for selected traits. Normality of each of the dependent variables for all combinations of the groups of two independent variables will be tested in SPSS by using the Shapiro-Wilk test of normality, which will also predict whether there is multivariate normality for two-way multivariate analysis. Akaike information criterion (AIC) will be used to test whether the combination of genotypes and microbial symbiont can better predict the seedling drought response. 

Broader impact 
If inoculation with microbial communities from dry environments enhances tree seedling drought responses, this approach could provide information to boost the success of restoration plantings, with or without assisted migration of tree genotypes. Moreover, if local climate influences ponderosa pine-associated microbial communities, we will use that relationship - and any other significant environmental predictors, such as tree community composition – and future climate projections to map potential changes in pine microbial communities in California by 2100(Steidinger et al. 2020).
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