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The overall aim of my dissertation was to determine the abiotic and biotic factors that 
structure the foliar bacterial communities in conifers in the family Pinaceae. In plants, 
microbial communities can benefit their host organism by acting as an extension of their 
phenotype and responding rapidly to environmental fluctuations. Long-lived species of 
plants, such as conifers, can survive in harsh and nutrient limited environments. This is a 
result of adaptations in the plant genome, but their microbial communities can also assist, 
especially in the face of a changing environment, as the plant microbiome has been found 
to protect against biotic and abiotic stress and help acquire limiting nutrients. However, 
the factors that drive the variation in the conifer microbiome at micro- and macroscales 
are not well studied, limiting our understanding of how the microbiome may contribute to 
host health and stress resilience. Previous work on foliar microbial communities of adult 
conifers have identified a core microbiome that is consistently dominated by the 
potentially nitrogen-fixing family Acetobacteraceae across sites, host species and time. 
However, previous sampling was too limited to identify the main drivers of variation in 
the foliar conifer microbiome. To address this knowledge gap, I used 16S rRNA 
sequencing to look at effects of abiotic and biotic factors on bacterial community 
structure. First, I investigated the effect of host age, tissue type (root vs shoot), and 
experimental heating and watering on microbial community structure. I found that host 
age was a strong driver of microbial community structure. Seedling shoots hosted a 
different core microbiome, dominated by the family Oxalobacteraceae, compared to adult 
tree foliage. Shoot and root communities of seedlings were significantly different, but 
with extensive overlap in taxa present. Experimental watering restructured microbial 
communities in seedlings, with enrichment of antifungal strains, potentially showing 
recruitment of endophytes to protect against fungi under increased soil moisture. These 
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results suggest differences in community assembly and ecological function across conifer 
life stages. Second, I explored the effects of land mass age (nutrient availability) and host 
species in a coastal ecosystem on microbial diversity and structure.  I found that foliar 
bacterial communities were structured by both land mass age and host species. The core 
microbiome of Acetobacteraceae was found in all samples showing a consistent 
relationship regardless of nutrient availability. Third, I examined the effects of needle age 
and longevity, plant compartment, host species and geographic location on the bacterial 
communities of four Pinus species across 15 sites. I found that needle age significantly 
structured the bacterial communities, but that it explained less of the variation among 
samples than did host species, plant compartment and geographic location. Needle age 
was a stronger driver of endosphere communities than phyllosphere communities, with 
the strongest effect in the endosphere of Pinus longaeva which can retain its needles for 
up to 45 years, suggesting that both accumulation of taxa over time and host selection 
shapes the needle endophyte community. Finally, I investigated the effect of site, host 
species and plant compartment across the native range of Pinus flexilis. I found site to be 
the strongest driver of bacterial communities in both plant compartments. However, the 
influence of site was not due to geographic distance of trees, suggesting that foliar 
microbial communities are not dispersal limited. The occurrence of identical sequence 
variants across large geographic distances, along with sequence identity between our 
sequence variants and taxa previously identified in air, dust, and rain suggests that the 
foliar microbiome of conifers is transmitted through the atmosphere. Thus, rather than 
geographic location, environmental heterogeneity and varying abiotic factors across sites 
appear to be the strongest drivers of variation in the foliar microbiome. Time and 
dispersal history (immigration) are also likely contributors to the differences observed 
across sites. Host species explained a small amount of variation in the bacterial 
communities, although the effect was dependent on plant compartment. There was 
extensive overlap in bacterial communities between plant compartments suggesting a 
possible colonization route from the needle surface to the endosphere. 



	 	

	

1	

1  Introduction 

	

 
All multicellular eukaryotic organisms form associations with microbial partners. The 
collective group of microbes on and within an organism are referred to as the 
microbiome. Microbial relationships with their host organisms range from beneficial to 
neutral to potentially harmful to the host (Fesel and Zuccaro 2016). In recent years, there 
has been an increasing amount of research published on the benefits of microbial 
partnerships.  In plants, microbial symbionts can play crucial roles in the overall health 
and survival of it host organism (Rodriguez and Redman 2008; Martin et al. 2017). A 
growing body of research indicates that many plants associate with microbial 
communities capable of providing them with limiting nutrients such as nitrogen (Coté 
and Camire 1984; Huss-Danell 1997; Estrada et al. 2002; Doty et al. 2016) and 
phosphorus (Lepleux et al. 2013; Majumdar and Chakraborty 2015; Oteino et al. 2015). 
For example, legumes support nitrogen-fixing microbial communities in root nodules, 
host plants trade carbon for bacterial derived nitrogen (Andrews et al. 2011). In addition, 
beneficial microbial partnerships extend beyond nutrient acquisition in plants. Recent 
research suggests microbial communities function in pathogen prevention (Jin et al. 2007; 
Sun et al. 2013; Dudenhöffer et al. 2016) and buffering against abiotic stress (Sziderics et 
al. 2007; Grover et al. 2011; Yandigeri et al. 2012; Rolli et al. 2015; Timm et al. 2018; 
Lata et al. 2018) for their host organisms. As an example, salt tolerance in corn by the up-
regulation of plant aquaporin genes by the bacterium Pantoea agglomerans has been 
recently suggested (Gond et al. 2015). Other mechanisms of abiotic stress alleviation by 
microbial communities have been proposed including ethylene regulation and osmotic 
adjustments (reviewed in Bacon and White 2016). All together these microbial partners 
function in creating phenotypic plasticity in their host organisms (Goh et al. 2013; Müller 
et al. 2016), allowing them to survive in sub-optimal environments. 
 
Forest trees, especially at high elevations, can survive for hundreds of years exposed to 
harsh conditions in nutrient limited environments. It has been suggested that because of 
the need of forest trees to adapt to changing environments over the course of their 
lifetime, their microbial partners may be of increased importance (Carroll 1988, 1995). 
Microbial communities are suggested to respond dynamically and quickly to 
environmental change at a faster rate than the evolution of plant traits (Lau and Lennon 
2012). This rapid microbial community change to the environment is an important 
adaptation of plants (Moran 2007; Lau and Lennon 2012) and could be extremely 
important in species that live for long periods of time. However, we do not fully 
understand the factors driving bacterial diversity in forest ecosystems particularly in 
endosphere communities. 
 
Microbial communities in forest trees, in particular, are capable of providing many 
resources which the host plant is unable to acquire on its own. Recent research has 
demonstrated that foliar bacterial communities in pines and poplar are capable of nitrogen 
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fixation (Doty et al. 2016; Moyes et al. 2016). Although the microbe(s) responsible for 
the nitrogen fixation in pines is unknown, research suggests that it may be a member of 
the family Acetobacteraceae, which are found to dominate foliar tissue (Carrell and Frank 
2014; Carrell et al. 2016; Moyes et al. 2016). Besides assisting in nutrient acquisition, 
bacterial and fungal community members in forest trees have been suggested to aid in the 
growth and development of the host organism at the seedling stage through growth 
promotion (Barriuso et al. 2008; Pohjanen et al. 2014). Additionally, evidence suggests 
that the microbial communities in seedlings is influenced heavily by the soil microbial 
communities (Gundale et al. 2014). However, we have limited to no knowledge of the 
changes in microbial communities over the course of a host plant’s lifetime.  
 
The microbial communities in forest trees have also been suggested to function in 
pathogen prevention. Work on potatoes and Pinus sylvestris, found a change in bacterial 
endophyte community structure in response to a pathogen and the authors suggested that 
the change corresponded with pathogen protection (Ardanov et al. 2012). More directly, 
fungal endophytes were found to decrease pathogen damage in leaf tissue and the effect 
was more profound in mature leaves (Arnold et al. 2003). This result suggests an intrinsic 
difference between developing and more established leaves. A recent study comparing 
phyllosphere communities between angiosperm and gymnosperm species found 
differences in community structures, and suggested that the needle age in conifers may be 
a key component of the differences (Laforest-Lapointe et al. 2016). However, very 
limited research has gone in to exploring the effect of needle longevity despite the 
differences that have been suggested.  
 
It has been suggested that processes such as nitrogen fixation (Moyes et al. 2016) and 
pathogen prevention (Arnold et al. 2003), as discussed above, contribute to overall 
ecosystem productivity. More recently, the phyllosphere diversity of temperate tree 
species was suggested to stimulate ecosystem productivity, although phyllosphere 
communities were host species dependent (Laforest-Lapointe et al. 2017). Host-driven 
diversity in the phyllosphere communities has previously been suggested (Redford et al. 
2010; Kembel and Mueller 2014), however biogeographical patterns in phyllosphere 
communities have also been noted (Laforest-Lapointe et al. 2016; Stone and Jackson 
2016). Endophytic communities have been suggested to be dependent on season, site and 
host genotype (Lau et al. 2013; Shakya et al. 2013; Bonito et al. 2014; Shen and 
Fulthorpe 2015). However, bacterial endophytes in Pinus flexilis, Pinus contorta and 
Picea engelmanii all host similar endophytic communities regardless of location (Carrell 
and Frank 2014; Carrell et al. 2016). The previous mentioned studies however examined 
limited sites and host species, so cautious conclusions on host specificity and geographic 
patterns can be made.  Overall, our knowledge on the impact of host selection and 
biogeographical patterns in forest trees is lacking and further investigation is warranted. 
 
The overall aim of my dissertation is to determine the abiotic and biotic factors that 
structure the foliar bacterial communities in conifers in the family Pinaceae. First, I 
examined the bacterial communities in Pinus flexilis seedling tissues and compared them 
with adult foliar communities from surrounding trees to determine the effect of ontogeny 
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on bacterial communities. Second, I determined if site fertility, due to land surface age, 
was a factor in structuring bacterial communities and if this was reflective of nitrogen 
fixation rates within the site. Thirdly, I explored the effect of needle longevity on the 
bacterial endosphere and phyllosphere communities in Pinus species. Finally, I examined 
the foliar bacterial communities of Pinus flexilis and co-occurring conifers across the 
native range of Pinus flexilis to determine if host selection or environmental drivers 
affected bacterial communities, and if a biogeographical pattern could be ascertained. 
Forest ecosystem’s health and productivity depend on large part on the health of the trees. 
The health of individual trees is likely dependent on many factors; however, the 
microbiome has been suggested to play a key role and warrants investigation. To 
understand how the microbiome of forest trees may benefit the host, it is important to 
know the factors, both abiotic and biotic, that naturally affect and alter the microbial 
communities. 
 

1.1 Organization of Dissertation 

	

The research for this dissertation is divided into four individual chapters written in 
manuscript form. In Chapter 2 titled “Bacterial endophyte communities in Pinus flexilis 
are structured by host age, tissue type, and environmental factors,” I examine the 
endophyte communities of seedlings that have been exposed to climate change treatments 
and compare them to adult needle communities from the surrounding forests; this chapter 
has been published in the journal Plant & Soil. Chapter 3 titled “Bacterial communities in 
conifer foliar tissue at the Mendocino ecological staircase are structured by land surface 
age and host species,” I examine foliar communities from conifers along a series of 
marine terraces that have differing levels of nutrient availability due to land surface age. 
In chapter 4 titled “Needle age structures microbial communities in Pinus species with 
greater affect in long lived Pinus longaeva (bristlecone pine),” I examine phyllosphere 
and endosphere communities of foliar tissue in four Pinus species and determine if the 
communities are affected by needle longevity. Finally, in chapter 5 titled “Examination of 
the phyllosphere and endosphere bacterial communities of Pinus flexilis and co-occurring 
conifers across the native range of Pinus flexilis,” I examine the variations in foliar 
communities of Pinus flexilis across its native range, as well as co-occurring conifer 
species, to look for the effect of geographic distance and host species on bacterial 
communities.  
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2 Bacterial endophyte communities in Pinus 
flexilis are structured by host age, tissue type, 

and environmental factors 

 

2.1 Abstract  

 
Forest tree microbiomes are important to forest dynamics, diversity, and ecosystem 
processes. Mature limber pines (Pinus flexilis) host a core microbiome of acetic acid 
bacteria in their foliage, but the bacterial endophyte community structure, variation, and 
assembly across tree ontogeny is unknown. The aims of this study were to test if the core 
microbiome observed in adult P. flexilis is established at the seedling stage, if seedlings 
host different endophyte communities in root and shoot tissues, and how environmental 
factors structure seedling endophyte communities. The 16S rRNA gene was sequenced to 
characterize the bacterial endophyte communities in roots and shoots of P. flexilis 
seedlings grown in plots at three elevations at Niwot Ridge, Colorado, subjected to 
experimental treatments (watering and heating). The data was compared to previously 
sequenced endophyte communities from adult tree foliage sampled in the same year and 
location. Seedling shoots hosted a different core microbiome than adult tree foliage and 
were dominated by a few OTUs in the family Oxalobacteraceae, identical or closely 
related to strains with antifungal activity. Shoot and root communities significantly 
differed from each other but shared major OTUs. Watering but not warming restructured 
the seedling endophyte communities. The results suggest differences in assembly and 
ecological function across conifer life stages. Seedlings may recruit endophytes to protect 
against fungi under increased soil moisture.  
 

2.2 Introduction 

 
The plant microbiome, the collection of microorganisms that live on and within the 
tissues of plants, is emerging as a crucial component of plant health and resilience. The 
portion of the plant microbiome that colonizes the interior of plant tissues as endophytes 
is of particular interest due to their position to influence the host plant from within. 
Endophytes can be commensals or pathogens, but some provide their host with nutrients 
that are not readily available in the environment, for instance via nitrogen fixation 
(Elbeltagy et al. 2001), phosphorus solubilization (Oteino et al. 2015), and bedrock 
weathering (He et al. 2017).  Beneficial endophytes can also buffer their plant host 
against biotic and abiotic stress, for example by altering the expression of stress-inducible 
genes (Sziderics et al. 2007), secreting antimicrobial compounds (Stinson et al. 2003), or 
inducing systemic plant resistance (Kloepper and Ryu 2006).  Much of our understanding
 of bacterial endophytic communities and their roles in plant physiology and ecology is 
derived from agricultural plants and herbaceous model species. The endophytic 
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microbiomes of Arabidopsis thaliana and crops such as rice tend to be diverse, originate 
mainly from the soil, and be structured by the environment, predominantly soil type or 
origin (Bulgarelli et al. 2012; Lundberg et al. 2012; Peiffer et al. 2013; Schlaeppi et al. 
2014; Edwards et al. 2015; Schlaeppi and Bulgarelli 2015; Yeoh et al. 2017). Studies on 
rice have demonstrated rapid colonization of the root endosphere from soil via the root 
surface (Edwards et al. 2015) and studies on A. thaliana show that microbiomes can be 
dynamically recruited and modulated via phytohormones, sometimes in response to stress 
(Lebels et al. 2015; Castrillo et al. 2017). As a consequence, changing environmental 
conditions such as nutrient limitation or drought often leads to restructuring of plant 
microbiomes (Marasco et al. 2012; Ikeda et al. 2014; Naveed et al. 2014; Santos-
Medellín et al. 2017). In contrast, much less is known about the structure, diversity, and 
transmission dynamics of endophyte communities associated with large and long-lived 
plants in situ.  
 
The few studies that examine endophyte communities in forest trees identify host species, 
geographic location, and soil type as factors structuring the leaf- and root endophyte 
communities. A study of leaf endophytes in maple and elm (Acer negundo, Ulmus 
pumila, and Ulmus parvifolia) growing in an urban environment showed that season was 
more important than species in structuring the communities (Shen and Fulthorpe 2015). 
Host genotype matters when distantly related species are compared, such as those in the 
roots of willow oak (Quercus phellos), loblolly pine (Pinus taeda) and eastern 
cottonwood (Populus deltoides), which were found to be structured more by host species 
than by soil origin (Bonito et al. 2014).  Studies focusing only on P. deltoides show that 
geography is more important than host genotype in structuring microbial communities 
(Gottel et al. 2011; Shakya et al. 2013). A study in Poplar clones identified plant 
compartment (rhizosphere, root, stem and leaf endosphere) as important in structuring 
microbial communities (Beckers et al. 2017), suggesting active selection on the 
colonization of different compartments.  Carrell and Frank (2015) characterized the 
bacterial communities in foliage of mature coast redwood (Sequoia sempervirens) in two 
locations and giant sequoia (Sequoiadendron giganteum) in one location, and found 
differences between both site and species (though site and species effects could not be 
separated). In contrast, studies of subalpine conifers suggest some stability in foliar 
endophyte community across individuals, host species, sites, and time. Specifically, taxa 
in the Alphaproteobacterial family Acetobacteraceae, or acetic acid bacteria (AAB) 
appear to make up a core endophytic microbiome across host species, location, and year 
of sampling in limber pine (Pinus flexilis), lodgepole pine (Pinus contorta) and 
Engelmann spruce (Picea engelmannii), potentially reflecting a nitrogen-fixation 
partnership (Carrell and Frank 2014; Carrell et al. 2016; Moyes et al. 2016). Within the 
current scientific literature, a core microbiome at the level of operational taxonomic units 
(OTUs) has not been observed in other plants. The consistent recurrence of AAB taxa in 
the needles of adult pines may reflect a nitrogen–fixing partnership between tree and 
endophytes, as well as restriction in the colonization of new taxa. Some community 
turnover was observed, including changes in the relative abundance of dominant AAB 
OTUs between years, and the appearance of vagrant or temporary community members 
(Moyes et al. 2016). The mechanism by which pine trees acquire their bacterial 
endophytes is not known, nor is the timing of colonization. Endophytes may colonize 
trees early during the seed or seedling stage, or later throughout the lifetime of an 
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individual tree, but studies on how ontogeny affects the microbiome composition of pines 
and other forest trees are lacking. 
 
At the seedling stage, soil is likely the main transmission route for the tree microbiome, 
and the proximity to the diverse soil bacterial community is likely to result in a richer and 
more variable microbiome compared to the foliage of adult trees. In addition, the 
microbiome may be involved in buffering seedlings against biotic and abiotic 
environmental stress during this vulnerable life stage.  Seedlings of subalpine conifers are 
exposed to extremes of temperature, humidity, radiation, and soil moisture (Germino and 
Smith 1999; Germino et al. 2002). In P. contorta, overall soil biota has been shown to 
have a strong effect on conifer seedling growth. Gundale and colleagues (2014) tested the 
effect of soil origin on growth of seedlings while controlling for differences in soil 
nutrient status, and found higher seedling growth in Swedish soil than in Canadian soil. 
The study did not characterize soil- bacterial communities or the plant microbiomes, but 
the results suggest that the fungi or bacteria available for recruitment to the rhizosphere 
and endosphere were different in the two soils. To our knowledge, the microbiomes of 
conifer seedlings have not been characterized, and it is not known to what extent they are 
sensitive to environmental change.   
 
Here, this study takes advantage of a warming experiment conducted on P. flexilis 
seedlings in forest, treeline, and alpine sites at Niwot Ridge, Colorado, a location where 
adult foliar communities from P. flexilis trees have been previously sampled and 
characterized. This experiment allowed several questions to be answered about the 
factors that structure endophyte communities of forest trees: First, since seedlings were 
sampled the same year as the previously analyzed adult foliage (Carrell et al. 2016), is the 
P. flexilis seedling microbiome similar to the microbiome of adult needles from the 
surrounding forest, (i.e. if the AAB core microbiome is established early)? Second, are 
the seedling shoot and root communities different, as observed in other plants?  Third, do 
environmental factors (including experimental heating and water addition, as well as site) 
shape seedling root and shoot communities?   
 

2.3 Material and Methods 

2.3.1 Site and experimental climate treatments 

 
The Alpine Treeline Warming Experiment (ATWE) was established at Niwot Ridge, 
Colorado to study effects of climate change on seedling establishment within and beyond 
the elevation range of subalpine forest (Castanha et al. 2013; Kueppers et al. 2017a). 
Common gardens were established at three sites: near the lower, warm edge of the 
current subalpine forest (forest, 3060 m), within the alpine-treeline ecotone (treeline, 
3430 m), and above treeline (alpine, 3540 m). At each of the sites, 20 3-m diameter plots 
were assigned to one of four treatments: control (C), heated (H), watered (W), and heated 
and watered (HW). Heated plots were surrounded by six, 240 V, 1,000 W, infrared (IR) 
heaters (Mor Electric Heating, Comstock Park, MI, USA) mounted on perimeter 
scaffolding at 1.2m height. Heaters were supplied with constant power during the snow-
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free season, and a lower level (except in 2009-2010) of constant power during winter. To 
offset increased soil water evaporation by the heaters, watered plots received 2.5 mm of 
water weekly, beginning about 2-3 weeks following snowmelt. Experimental treatments 
began in October 2009. Seed was collected locally, processed as described in Kueppers et 
al. (2017a) and sown in the common gardens in the autumn of each year. Emergent 
seedlings were surveyed weekly in spring and summer, and individually tracked from one 
season to the next to quantify germination (Kueppers et al. 2017b) and recruitment up to 
4 years (Kueppers et al. 2017a). The work was carried out with permission from the U.S. 
Forest Service via the University of Colorado Mountain Research Station.  
 

2.3.2 Sample collection and sterilization 
 
Thirty-three one-year-old seedlings were collected from the ATWE in July 2012. At the 
forest and alpine sites, three and five control samples were taken respectively, Within the 
treeline site, seedlings were sampled from all four experimental treatments; control (6), 
heated (6), watered (10), and heated and watered (3). Seedling replicates were limited by 
seedling availability for destructive harvest. Seedlings were placed in sterile tubes and 
shipped on ice to University of California, Merced for surface sterilization and DNA 
extraction. The seedlings were surface-sterilized by submersing in 30% hydrogen 
peroxide for 3 minutes followed by three rinses with sterile deionized water, and stored at 
-20°C. The final rinse after sterilization was saved to verify sterility by negative PCR 
amplification of the 16S rRNA gene. 
 

2.3.3 DNA extraction 
 
The seedlings were separated into shoot (stem and emerging needles) and root (the 
minimally branched root) tissues using sterile tweezers and razor blades and ground it to 
a fine powder in a Fisher Scientific™ PowerGen™ cryogenic homogenizer using sterile 
mortar and pestles with liquid nitrogen. DNA was extracted from varying amounts of 
tissue due to the small size of the seedlings using a modified CTAB extraction as 
previously described (Carrell and Frank 2014). For each sample, 800 µl of CTAB 
solution (1 ml of CTAB buffer, 0.04 g of polyvinylpyrollidone, 5 μl of 2-
mercaptoethanol) was added to the ground tissue in a 2 ml screw cap tube. The tubes 
were then incubated in a dry bath at 60°C for 1.5 hours with intermittent vortexing. After 
incubation, 0.3 g of 0.11 mm sterile glass beads was added to the tube and the sample 
was homogenized using a bead beater for 1.5 minutes. To remove proteins, an equal 
amount of chloroform was added to the tube, which was then mixed and centrifuged for 
10 minutes at 16,000 rcf. For precipitation of nucleic acids, the aqueous top phase was 
placed in a sterile 2 ml snap cap tube and 1/10 volume of cold 3 M sodium acetate and 
1/2 volume of cold isopropanol were added and the tubes were placed in a -20°C freezer 
for 12 hours. The samples were then centrifuged for 30 minutes at 16,000 rcf, the 
supernatant was decanted, 700 μl of 70% ethanol was added, and the tubes were 
centrifuged again for 10 minutes. Finally, the air-dried pellet was resuspended with 30 μl 
of DNA resuspension fluid (1.0 M Tris-HCl, 0.1 M EDTA) and stored at -20°C.  
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2.3.4 DNA amplification 
 
The 16S rRNA gene was amplified using the extracted DNA as template and a nested 
PCR approach. Chloroplast DNA amplification was reduced by primer pair 16S 799f 
(AACMGGATTAGATACCCKG) and 16S 1492r (TACGGHTACCTTGTTACGACT) 
in the first PCR reaction (PCR1). These primers were developed to suppress 
amplification of chloroplast DNA, and yield a mitochondrial amplicon approximately 
1000 bp and a bacterial amplicon of 750 bp (Chelius and Triplett 2001). In the second 
round of PCR (PCR2) an appropriate amplicon length for Illumina sequencing was 
achieved with Golay-barcoded primer pair 799f and 1115r (AGGGTTGCGCTCGTTG), 
an optimized primer set for phylogenetic analysis of short reads (Redford et al. 2010). 
The number of cycles was reduced to reduce primer bias (Jiao et al. 2006), using the 
following thermocycler profile for PCR1 and PCR2: one cycle of 3 min at 95°C; 20 
cycles of 40 s at 95°C, 40 s at 50°C, 1.5 min at 72°C; followed by a final elongation of 10 
min at 72°C. The 50 μl PCR1 reaction contained 5 μl of DNA extract, 20 μl of 5 PRIME 
Hot Master Mix (5 PRIME Inc., Hilden Germany), 0.5 μg/μl Bovine Serum Albumin 
(Thermo Fisher Scientific, Waltham, MA, USA), 21.5 μl PCR grade water (Fisher 
BioReagents, Waltham, MA, USA) and 0.2 μM of forward and reverse primers. The 
PCR2 reactions were performed in triplicate with each reaction containing 3 μl of PCR1, 
10 μl of 5 PRIME Hot Master Mix, 0.5 μg/μl Bovine Serum Albumin, 8.75 μl of PCR 
grade water and 0.2 μM of forward and reverse primers. The barcoded DNA was cleaned 
and pooled in equal amounts from each sample, and gel extracted (QIAquick gel 
extraction kit, Qiagen Inc. Valencia, CA, USA) to ensure the correct band size and 
remove most of the mitochondrial amplicons. The pooled sample was submitted for 
Illumina sequencing at the University of California, Davis Genome Center. The 
sequences have been submitted to the GenBank SRA under BioProject PRJNA307272. 
 

2.3.5 Sequence analysis 
 
The sequences were analyzed and processed using the QIIME (v1.9.1) package 
(Caporaso et al. 2010b) and UPARSE (v8.0.1517) package (Edgar 2013). Paired-end 
forward and reverse reads were joined with fastq-join, with the barcode filtered from the 
dataset if the forward and reverse reads did not overlap (Aronesty 2011). The joined 
reads were quality filtered as implemented in QIIME (Bokulich et al. 2013): maximum 
number of consecutive low quality base calls of 3 bases; maximum unacceptable Phred 
quality score of 3; no N characters; the minimum number of consecutive high quality 
base calls as a fraction of the input read length of 0.50 total read length. A previously 
published dataset of 16S rRNA sequences amplified with the same primer set from five 
P. flexilis and five P. contorta adult needle tissue samples taken in 2012 from Niwot 
Ridge (Carrell et al. 2016) was combined with the seedling sequences. Both P. flexilis 
and P. contorta adult samples were included as the previous analysis indicated no 
statistically significant differences in the communities (Carrell et al. 2016). UPARSE was 
used to dereplicate the remaining sequences, remove singletons, and cluster the 
remaining reads by 97% similarity into operational taxonomic units (OTUs). After 
removing chimeras using UPARSE, taxonomy was assigned to the OTUs via the 
UCLUST consensus taxonomy assigner implemented in QIIME against the SILVA 
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database (Pruesse et al. 2007), and OTUs classified as 'Chloroplast', 'Mitochondria', and 
'Unassigned' were removed.  The sequences were aligned using PyNAST (Caporaso et al. 
2010a) against the SILVA database, and an approximate maximum-likelihood tree was 
built using FastTree (Price et al. 2009). Sequence counts were normalized across samples 
using the cumulative sum scaling implemented in MetagenomeSeq (v.1.16.0)(Paulson et 
al. 2013, 2016) to overcome uneven sequencing depth.  
 

2.3.6 Community structure analysis 
 
A rarefaction analysis was performed as implemented in QIIME to check for adequate 
sequencing depth for each sample. While amplification and sequencing of 16S rRNA 
gene amplicons from shoot tissues generated 10-100 thousand sequences per sample, 
fewer reads were recovered from the root tissues, with many samples containing only a 
few hundred sequences. This may have been due to insufficient amounts of DNA 
obtained from the small unbranched 1-year seedling roots. Alternatively, the lack of 
sequences from the root tissues may have been the result of an excessively harsh surface 
sterilization method, given that seedling root surface has very few cell layers. Two root 
samples (one heated and the other watered) had to be removed from the dataset due to 
low counts. Indeed, the rarefaction analysis indicated that the root communities were 
undersampled more than the shoot communities (Fig. S2-1).  Alpha-diversity was 
compared across tissue types using multiple indices of diversity (Chao1, and Shannon 
diversity index), with statistical significance calculated with Wilcoxon Signed-Rank test 
using the MASS package in R (Venables and Ripley 2002). Bacterial taxa graphs were 
generated using the normalized count data to calculate relative abundances. A heat map 
for each tissue type (shoot and root) of the top 10 OTUs within the samples were 
generated using the normalized count data. The top 10 OTUs were then used to perform a 
BLAST (Altschul et al. 1990) search against the nr database. To test for significant 
differences between classes of bacteria in root and shoot tissues a nonparametric Kruskal-
Wallis test was used and corrected for multiple comparisons using the Bonferroni 
correction as implemented in the group significance test in QIIME.  
 
To test if the communities were significantly different between seedling tissue type 
(shoot vs root) and age group (seedling vs adult), the normalized counts were used to 
calculate unweighted and weighted Unifrac distances (Lozupone and Knight 2005) in 
phyloseq (v.1.19.1) (McMurdie and Holmes 2013). Unweighted UniFrac treats all taxa 
the same, regardless of their abundance, and weighted UniFrac takes taxon abundance 
into account. The unweighted and weighted UniFrac distances were visualized using 
principal coordinate analysis (PCoA). Adonis, a nonparametric statistical method with 
999 permutations, was used to calculate the significance of sample clustering by tissue 
type and tissue age in R using the vegan package (v. 2.4-2) (Oksanen et al. 2017).  
 
Next, generalized linear models (GLM) were used to test if tissue type and experimental 
treatments structured seedling endophyte communities. GLMs were used to test between 
tissue type and experimental treatments due to their higher sensitivity for detecting 
between group differences. Distance-based methods (as used above) make assumptions 
regarding the mean-variance relationship of samples which are often not representative of 
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the actual data and can impair interpretation of the results (Warton et al. 2012). To 
overcome these biases, GLMs were used with a negative binomial distribution to 
overcome mean-variance assumptions and correctly model the overdispersion which is 
common with sequencing data.  The non-normalized sequencing counts were used to 
construct GLMs in R using mvabund (v.3.12), an R package for modeling and analyzing 
multivariate abundance data in community ecology (Wang et al. 2012). This method 
treats each OTU as a variable and an individual GLM is fitted using a negative binomial 
distribution. Multivariate hypothesis testing was carried out by applying the ANOVA 
function in mvabund to the GLMs. The OTUs from control seedlings were used to test 
for site (forest, treeline, and alpine), tissue type (shoot, root), and their interaction (site 
and tissue type). The OTUs from seedlings sampled from the treeline site were used to 
examine the effects of heating, watering and their interaction, as well as interactions of 
heating and watering with tissue type (shoot vs root).  All graphs were produced in R 
using the ggplot2 package unless otherwise noted. Radial space-filling plots were 
generated using Krona (Ondov et al. 2011). 
 

2.4 Results 

2.4.1 Differences between bacterial communities in adult trees and seedlings  
 
Tissue age (seedling vs adult) significantly structured endophytic communities both with 
only taxa presence (unweighted Unifrac; Adonis R= 0.148, P=0.001) and when relative 
abundances were included (weighted Unifrac; Adonis R= 0.250, P=0.001) (Fig. 2-1). 
Across all samples after removing mitochondrial (0.90%), plastid (0.023%) and 
unassigned sequences (3.69%), a total of 382 operational taxonomic units (OTUs) were 
recovered. Adult needle communities, both P. flexilis and P. contorta, were comprised 
mainly of Alphaproteobacteria (83%) with one family, the Acetobacteraceae, dominating 
primarily due to three OTUs (OTU2, OTU3 and OTU4) (Fig 2-2 and 2-3). OTU2 and 
OTU3 were within the top 10 OTUs in seedling shoot tissue but were present at a much 
lower relative abundance than in adult tissues (Fig 2-4A). In contrast, seedling endophyte 
communities were dominated by Betaproteobacteria (58%) comprised of the three 
families Oxalobacteraceae, Comamonadaceae and Burkholderiaceae, all within the order 
Burkholderiales (Fig 2-2 and 2-3). All three Betaproteobacterial families were present in 
adult needle communities but in much lower relative abundance compared to the 
seedlings (1% Oxalobacteraceae, 0.4% Comamonadaceae and 1% Burkholderiaceae).  
 

2.4.2 Bacterial communities in seedling root and shoot tissues 
 
Overall, tissue type (shoot vs root) significantly structured the endophyte community, 
both when considering only taxa presence (unweighted Unifrac; Adonis R= 0.359, 
P=0.001) and when including relative abundances (weighted Unifrac; Adonis R=0.262, 
P=0.001) (Fig. 2-1).  The majority of OTUs (287) were present in both shoot and root 
tissues, with 86 OTUs unique to shoot tissues and 9 unique to root tissues. The 
abundance of shoot- and root-specific OTUs represented only a small fraction of the 
community (0.06% of the shoot and 0.03% of the root). It was found that α diversity was 
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significantly higher in shoot samples than in root samples (P<0.05) when measured by 
Chao1, and that root sample values were significantly higher than shoot samples 
(P<0.05), when measured by the Shannon index, which accounts for both abundance and 
evenness of OTUs. 
 
Seedling shoot samples were dominated by the phyla Proteobacteria (85.3%±9.9%) and 
Bacteriodetes (10.6%±7.2%), and root samples were dominated by the phyla 
Proteobacteria (71.2%±8.3%), Bacteriodetes (15.1%±7.2%) and Actinobacteria 
(8.9%±4.7%) (Fig. 2-2 and 2-3). Within the Proteobacteria, both shoot and root samples 
were dominated by the order Burkholderiales (Betaproteobacteria) (Fig 2-2 and 2-3). In 
shoot samples one family in the order Burkholderiales, the Oxalobacteraceae, made up 
more than half of the community on average (Figs. 2-2 and 2-3), largely due to the 
consistent presence of two single OTUs that together made up 47% on average (OTUs 42 
and OTU 252 in Figure 2.4). In root samples, the Betaproteobacteria were split across 
three families: Comamonadaceae (19%) Oxalobacteraceae (15%), and Burkholderiaceae 
(12%) (Fig 2-3 and 2-3). Both shoot and root communities had roughly equal proportions 
of Alphaproteobacteria (15% and 17%, respectively), both with the families 
Acetobacteraceae and Sphingomonadaceae dominating, but with a higher relative 
abundance of Rhizobiaceae in roots than shoots (2 and 0.8 % respectively).  Gamma- (2.2 
vs 1.4%) and Deltaproteobacterial taxa (1.5 vs 0.4%) were present at higher relative 
abundances in root than shoot samples.  
 
The relative abundance of eight classes of bacteria differed significantly between the 
shoot and root samples (Bonferroni-corrected P<0.05) (Table 2-1).  Three of those 
classes—Acidobacteria, Deltaproteobacteria and Actinobacteria—made up substantial 
portions of the communities in both shoot and root samples, while the others were low-
abundance classes comprising less than 1% of the community. All three classes are 
commonly found in soil microbial communities (Table 2-1). Figure 2-4 shows heatmaps 
with the relative abundance of the 10 most abundant OTUs in our shoot and root datasets 
across all samples, and Table 2-2 shows the closest database matches from published 
studies to the same OTUs. There was substantial overlap between the most dominant 
OTUs in shoot and root samples (Fig. 2-4A & B). However, whereas a single OTU 
(OTU_42) dominated most of the shoot samples, the identity of the most abundant OTU 
varied across root samples. OTU_42, which is identical to a sequence of an endophyte 
from the arctic tundra plant Diapensia lapponica (Nissinen et al. 2012) (Table 2-2), made 
up over 10% of the community in all except two aboveground samples, and as much as 
71% in one of the samples. In contrast, the relative abundance of OTU_42 was much 
lower in all but one belowground sample (Fig. 2-4B). The majority of the abundant OTUs 
in this dataset were closely related to sequences from cold environments, including Arctic 
and Antarctic habitats (Table 2-2). In addition, a few OTUs were closely related to 
bacteria found on the skin of amphibians (OTU_252 and OTU_214). 
 

2.4.3 Effect of site and climate treatments on seedling bacterial communities 
 
Climate treatments (heat, water) and site (forest, treeline, alpine) did not consistently 
structure the bacterial communities, but environmental effects were contingent on tissue 
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type. (Table 2-3 and 2-4). In particular, site and watering treatment had tissue type–
specific effects on the endophyte community structure (Table 2-3 and 2-4).  
 
Unwatered shoot samples (C and H) were dominated by Betaproteobacteria (62%) made 
up mainly by one order and family (Burkholderiales and Oxalobacteraceae, 
respectively). Watered shoot samples had similar percentages of Betaproteobacteria but 
increases in Alphaproteobacteria and Sphingobacteriia with decreases in minor groups 
(Fig 2-5). Unwatered root samples were also dominated by Betaproteobacteria (51%) that 
were divided into roughly equal proportions of three bacterial families 
(Oxalobacteraceae, Comamonadaceae, and Burkholderiaceae) (Fig 2-5). Watered roots 
showed an increase in the proportion of Betaproteobacteria (62%) with a drastic 
reduction in overall evenness of the bacterial families favoring a single family 
Oxalobacteraceae, which shifted from 18% in unwatered samples to 37% in watered 
samples (Fig 2-5).  
 

2.5 Discussion 

 
A number of recent studies on the plant microbiome have focused on how host genotype 
and environment, particularly soil type, structure communities of plant-associated 
microbes. However, this work has largely been done with model- and agricultural plants, 
with less focus on factors structuring endophyte communities of forest trees. Climate 
change is predicted to shift the distributions of forest trees upward, moving the current 
forest boundary into the alpine zone. In the alpine-treeline ecotone, climate change could 
enhance establishment by reducing cold stress, while at lower elevations, climate change 
could exacerbate heat and drought stress impairing seedling recruitment (Smith et al. 
2003; Reinhardt et al. 2011; Moyes et al. 2013).  With climate change, new and existing 
seedling-microbe associations could contribute to establishment beyond the current range 
but little research to date has explored forest seedlings microbiomes. Here, as a first step 
towards incorporating microbiomes in research on how climate change influences forest 
trees, this study characterized the root- and shoot endophytic communities of P. flexilis 
seedlings in a common garden warming experiment. This work shows that the bacterial 
endophyte communities of 1-year old pine seedling tissues are influenced by site 
differences and moisture addition and are different from the communities in co-occurring 
adult pines.  
 
Previous studies of leaves from mature subalpine conifers have identified a core of 
endophytes belonging to the Acetobacteraceae, or AAB, making up 59% of the OTUs in 
the most recent study (Carrell et al. 2016). In contrast, the endophyte communities of 
seedlings were more diverse and varied more across individual seedlings. Higher 
diversity in younger tissues has been shown previously for fungal endophyte 
communities of P. taeda (Oono et al. 2015). Although the same AAB OTUs found in 
adults were detected in both shoot and root samples (9 and 4 % respectively), seedlings 
were dominated by bacteria in the family Oxalobacteraceae (Betaproteobacteria). 
Different acquisition routes could be a major driver of the large discrepancies observed 
between adult and seedling endophyte communities. The major AAB OTUs in adult 
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needles overlap with conifer leaf surface communities and have been found in air 
samples (Carrell et al. 2016), suggesting that the dominant route for foliar microbiome 
acquisition in mature trees is horizontal via air or rain, similar to what has been described 
for fungal endophytes (Rodriguez et al. 2009). In seedlings on the other hand, soil is 
likely the dominant source of endophytes.  
 
Differences in the endophytic communities in adult and seedlings tissues could also 
reflect different functional interactions with the host. The AAB are potentially 
responsible for the nitrogenase activity detected in the foliage of adult trees (Moyes et al. 
2016). To our knowledge, nitrogenase activity in wild conifer seedlings has not been 
examined, although it is known from inoculation studies that P. contorta seedlings can 
host nitrogen fixing endophytes (Bal et al. 2012; Anand et al. 2013). Several of the most 
abundant OTUs in the seedling dataset were identical to sequences from arctic and sub-
arctic plants (Nissinen et al. 2012; Poosakkannu et al. 2015), indicating that the seedling 
microbiome consists of plant-adapted bacteria rather than opportunistic soil bacteria. The 
most prominent group in seedlings, the Oxalobacteraceae, is known for the ability to 
metabolize oxalic acid (DeLeon-Rodriguez et al. 2013), weather  minerals (Leveau et al. 
2010), and promote plant growth (Ofek et al. 2012; Baldani et al. 2014). The high 
proportion of Oxalobacteraceae and Burkholderia species in seedlings could reflect 
oxalic acid content, the use of oxalic acid as a carbon source is associated with plant-
beneficial microbes, and oxalic acid may be involved in recruiting plant-beneficial 
members from complex bacterial communities (Kost et al. 2013). Alternatively, the high 
proportion of Oxalobacteraceae could reflect some beneficial function like protection 
against fungal and oomycete pathogens. The top OTUs in the Oxalobacteraceae belong 
to the genus Janthinobacterium, which is recognized for antifungal activity (Haack et al. 
2016; Kueneman et al. 2016). The most common shoot OTU 42 is similar to strains with 
antifungal activity, while OTU252, the second most common in shoots, was similar to a 
potato rhizosphere strain antagonistic against the oomycete Phytophthora infestans 
(Hunziker et al. 2015), and to a strain from the disease-protective newt skin microbiome 
(Vences et al. 2015).  
 
Although seedling roots and shoots shared many taxa and were both dominated by 
Betaproteobacteria, their overall bacterial endophyte communities were different, as 
reported for other plant species  (Mishra et al. 2012; Bodenhausen et al. 2013; Robinson 
et al. 2016; Wagner et al. 2016; Coleman-Derr et al. 2016). These differences likely 
reflect a combination of factors including proximity to soil, acquisition routes (soil vs 
atmosphere), functional relationships with the plant, filtering imposed by the plant, or 
composition of nutrients and other phytochemicals. Above-ground tissues of plants can 
produce tannins, phenolics and terpenes to reduce herbivory (War et al. 2012), which 
have the potential to structure the endophytic communities. In Pinus monticola (Western 
white pine) the amount of sulfur, nitrate and calcium within the needles influenced the 
fungal communities between stands of trees (Larkin et al. 2012). In addition, the level of 
host genetic control might also differ between these two tissues, as suggested by a study 
of Boechera stricta, a perennial wild mustard that showed that host genotype shaped leaf 
but not root microbiomes (Wagner et al. 2016). In this study, two of the top 10 OTUs in 
shoots (but not root) communities were AAB. The higher relative abundance of AAB 
OTUs in shoot compared to root is consistent with an atmospheric source of these 
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bacteria. At the same time, a large proportion of bacterial groups were shared between 
roots and shoots (i.e. 7 of the 10 major OTUs), suggesting colonization from soil 
followed by distribution to aerial tissues. A soil-to-shoot acquisition path for seedling 
endophytes seems more likely than the opposite, although migration in both directions 
has been reported (e.g. Lòpez-Fernàndez et al. 2017). Alternately, some of the endophyte 
taxa identified here could be seed-borne, which would also explain the dominance of a 
few OTUs across the seedlings. Bacteria in the family Oxalobacteraceae, which 
dominated the seedlings in our study, have been found in and on seed, radicle, and root of 
cucumber (Cucumis sativus) (Green et al. 2007; Ofek et al. 2012). Examination of seed, 
new germinants and established seedlings is needed to evaluate the possibility of vertical 
endophyte transfer in pines.   
 
The bacterial endophyte communities in the seedlings were highly variable among 
individuals and treatments indicating that stochastic or environmental factors are 
important for structuring the communities. Watering treatment had a larger effect on root 
than shoot communities, with a reduction in the overall evenness, a moderate decrease in 
the relative abundances of Acidobacteria, Actinobacteria and Alphaproteobacteria, and a 
large increase in relative abundance of Betaproteobacteria in the family 
Oxalobacteraceae. Alterations of precipitation regimes is expected with climate change, 
with shifts towards the extremes of flooding and drought (Xie et al. 2015). The results of 
this study show that seedlings establishing during a high moisture period could have an 
altered microbiome, although the long-term effects of this change remain unknown. This 
water-induced restructuring of the endophytic community could also reflect changes in 
the source pool (assumed to be soil). Several studies report an increase in 
Betaproteobacteria, specifically the Oxalobacteraceae with precipitation or watering 
(Zhang et al. 2013; Yao et al. 2017).  
 
Alternatively, restructuring of root communities could reflect recruitment of specific 
bacterial in response to watering.  For example, OTU_42 increased from an average of 
5.5% to 13.5% and OTU_252 from an average of 6.2% to 15.8% with watering. These 
two OTUs were among the most abundant in both shoots and roots, and as mentioned 
above, similar to strains known for activity against fungi and oomycetes. The 
fungi : bacteria ratio in soil has been found to increase in response to increased 
precipitation (Bi et al. 2012; Bell et al. 2014)  and it is possible that the increase in these 
endophytic OTUs in shoots reflects recruitment of strains that protect the seedlings 
against fungal pathogens. Increased fungal invasion in forest trees is predicted with 
climate change (La Porta et al. 2008), and the results here suggest that fungal invasion 
may be increasing with added moisture, or that fungi already inhabiting the roots 
(Vasiliauskas et al. 2007) shift from endophytic to pathogenic or saprotrophic (Fesel and 
Zuccaro 2016). 
 
Warming had no effect on the seedling endophyte communities, potentially because 
warming had no or little effect on the soil community although this was not investigated 
in this study. Results from other experiments suggest no response (Schindlbacher et al. 
2011) or a very slow response of soil microbial communities to experimental warming, 
starting only after extended periods of experimental treatments (>5 years) (Zhang et al. 
2013; DeAngelis et al. 2015). Experimental treatments began just 2 years prior to the 
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seedling sampling. Alternatively, endophyte communities may be insensitive to heating if 
the seedlings themselves are robust to it. While first-year limber pine seedling 
recruitment was reduced with warming, survival of one-year-old limber pine seedlings at 
the treeline site was insensitive to heating  (Kueppers et al. 2017a), suggesting that the 
older seedlings sampled were robust to heating. Thus, the results do not suggest that 
warming alters bacterial endophyte communities in the seedlings’ first year, but it cannot 
be determined if longer warming treatments would have an effect or if the lack of 
significance of the warming treatment is due to the limited number of seedlings sampled. 
 

2.6 Conclusions 

 
The results of this study show that the bacterial endophyte communities in subalpine 
conifer seedlings establishing across an elevation gradient are significantly different from 
the communities in the foliage of mature trees, potentially reflecting different 
transmission routes or endophyte functions between seedlings and adults. Shoots and 
roots hosted significantly different communities, with a few OTUs in the 
Oxalobacteraceae dominating shoots, and with the community in roots being more 
diverse.  At the same time, there was a large overlap in OTUs between root and shoot 
tissues, suggesting inoculation from soil is the main acquisition route for seedling 
endophytes. It is possible, given that seedlings and adult trees share the same AAB 
OTUs, that some endophytes in seedlings originate from surrounding parent trees, either 
vertically via seed or pollen, or horizontally via the atmosphere or soil. The major OTUs 
were similar to endophytic Oxalobacteraceae in arctic and subarctic plants, and to strains 
with antifungal activity. Watering but not warming restructured the endophyte 
communities in a tissue-specific manner, increasing the abundance of Oxalobacteraceae 
in roots but not shoots. Seedlings, especially those under the watering treatment, may be 
under increased stress from fungal invasion compared to adult trees, which would be 
reflected in the recruitment of microbiomes with antifungal potentials.  Further studies 
are required to determine if the community differences observed here reflect neutral 
processes such as different transmission routes and source communities, or selective 
processes, such as plant selection for endophyte function.  
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2.8 Tables 

 
Table 2–1 Bacterial classes with significantly different relative abundance in shoot 
and root tissues	

Lineage Shoot mean Root mean P-Value 

Phycsipaere 0.03% 0% 6.86E-09 
Thermoleophilia 0.20% 1.44% 5.68E-05 
Cytophagia 1.08% 0.32% 0.00001 
Deltaproteobacteria 0.40% 1.57% 0.00001 
Deinococci 0.01% 0% 0.0007 
Actinobacteria 3.38% 6.48% 0.001 
Acidobacteria 1.58% 3.40% 0.007 
Ktedonobacteria 0% 0.01% 0.024 
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Table 2–2 Database matches of the top 10 seedling OTUs 

OTU Tissue GenBank 
ID 

% ID Lineage Species Source 
OTU_42 Both HE815088 100 Oxalobacteraceae Uncultured clone Diapensia lapponica, Arctic 

tundraa   HE815064 100% Oxalobacteraceae 
 

Uncultured clone Diapensia lapponica, Arctic 
tundraa   HE814645 100% Oxalobacteraceae 

 
Massilia sp. M1U34 
 

Diapensia lapponica, Arctic 
tundraa OTU_252 Both KP067134 99% Oxalobacteraceae Janthinobacterium sp. 

R86 
 

Potato, Rhizosphere, Switzerlandb 
  AB991043 99% Oxalobacteraceae Uncultured clone Surface of glacier, Byron Glacier, 

Alaska, USAc 
  KM817575 99% Oxalobacteraceae Uncultured 

Janthinobacterium sp. 
 

Lissotriton vulgaris, Amphibian 
skin, Germanyd 

OTU_7 Both EU136864 100% Sphingobacteriaceae Uncultured bacterium Rainwater with coniferous forest 
canopy, Wisconsin, USAe 

  HE814987 100% Sphingobacteriaceae Uncultured endophytic 
bacterium 

Diapensia lapponica, Arctic 
tundraa 

OTU_3 Shoot KJ606803 100% Acetobacteraceae Unclassified 
Acetobacteraceae 

Antarctic lichenf 

OTU_58 Both JN367235 98% Oxalobacteraceae Uncultured bacterium Maize Rhizosphere Soil, Granada 
Spaing 

  EU636047 98% Oxalobacteraceae Antarctic bacterium Surface of glacier, Collins 
Glacier, Antarcticah 

OTU_2 Shoot HE815061 99% Acetobacteraceae Uncultured Clone Diapensia lapponica, Arctic 
tundraa 

  GU300331 99% Acetobacteraceae Uncultured bacterium Forest soil under Pseudotsuga 
menziesii, Canadai 

OTU_11 Shoot HE814903 100% Sphingomonadaceae Uncultured endophytic 
bacterium 

Diapensia lapponica, Arctic 
tundraa 

  NR_137233 99% Sphingomonadaceae Sphingomonas 
psychrolutea str. MDB1-
A 

Ice, Midui glacier, Tibetj 
 

OTU_18 Both HE814630 100% Burkholderiaceae Burkholderia sp. M1U23 Diapensia lapponica, Arctic 
tundraa 

OTU_37 Root JQ291763 100% Burkholderiales Uncultured Bacterium Apple roots, Italyk 
  HE815395 100% Burkholderiales Uncultured Bacterium Juncus trifidus, Arctic tundraa 
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OTU_132 Root HE814711 100% Rhizobiaceae Rhizobium sp. J5H16a Oxyria digyna, Arctic tundraa 
OTU_214 Root KM187606 100% Comamonadaceae Comamonadaceae 

bacterium PRE22F 
Notophthalmus viridescens, 
Amphibian skin, Virginia, USAl 

OTU_223 Both KJ529010 100% Burkholderiaceae Burkholderia sp. FL97-1 Deschampsia flexuosa, Sub-
Arctic sand dunem 

OTU_332 Both KR181805 100% Sphingobacteriaceae Mucilaginibacter sp. 
L356 

Forest Litter, Czech Republicn 

  NR_134093 100% Sphingobacteriaceae Mucilaginibacter pineti 
str. M47C3B 

Pinus pinaster wood, Portugalo 

aNissinen et al. 2012, bHunziker et al. 2015, cMurakami et al. 2015, dVences et al. 2015, eJones et al. 2008, f(Lee et al. 2014), 
gGarcía-Salamanca et al. 2013, hGarcía-Echauri et al. 2011, iBrooks et al. 2011, jLiu et al. 2015, kBulgari et al. 2012, lWalke et al. 
2015, mPoosakkannu et al. 2015, nLópez-Mondéjar et al. 2016, oPaiva et al. 2014 
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Table 2–3 Generalized linear model (GLM) and summary statistics for tissue type 
and experimental climate treatment (heat, water) 

 

 

 
 
 
 

 
 
 
 
 
 
Table	2–4	Generalized	linear	model	(GLM)	and	summary	statistics	for	tissue	
type	and	experimental	site	

 

 
 

 

Model: Taxa Abundance versus Heated, Watered and Tissue Type 
Source Deviance P 
Heated 336 0.566 
Watered 326 0.496 
Tissue Type 5477 0.001 
Heated x Watered 720 0.115 
Heated x Tissue Type 392 0.202 
Watered x Tissue Type 1557 0.001 
Heated x Watered x Tissue Type 785 0.011 

Model: Taxa Abundance versus Site and Tissue Type 
Source Deviance P 
Tissue Type 1269 0.010 
Site 1305 0.128 
Site x Tissue Type 1544 0.031 
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2.9 Figures 
 
 
 

	
Figure 2-1 Principal coordinate analysis showing differentiation between tissue 
age, shoot and root communities. (A) unweighted and (B) weighted UniFrac 
distance matrix. Points that are closer together have more similar communities. 
Each point corresponds to a sample with the tissue type of each sample indicated 
by color (blue = shoots/needles, green = root) and tissue age indicated by shape 
(circle = adult, triangle = seedling) 
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Figure 2-2 Relative abundance and taxonomic hierarchy using Krona radial space-
filling. (A) Bacterial endophyte community of limber pine seedling shoot tissue, 
(B) seedling roots, and (C) mature conifer foliage from a previous study of mature 
limber pine foliage at Niwot Ridge collected in 2012 with the seedlings (Carrell et 
al. 2016). 
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Figure 2-3 Relative abundances of the major phyla in seedlings and adult needles 
as percentages of all of the 16S rRNA gene sequences for (A) shoot tissues, (B) 
root tissues and (C) mature conifer foliage (both limber pine and lodgepole pine 
collected in 2012 at Niwot Ridge). Each bar represents a sample and the letter 
under the bar represents the treatments— control (C), heated (H), watered (W) and 
heated and watered (HW). 
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Figure 2-4 Heatmap showing the 10 most abundant OTUs and their relative abundances as percentages of all the 
16S rRNA gene sequences in each sample. (A) Shoot and (B) root tissues types. Color tones range from warm 
(orange) to cool (blue) to indicate the highest and lowest abundances. The value in each square is the percentage of 
the sample that is made up of that OTU. The lineage on the right side is the taxonomic order for which each OTU 
has been classified. Each column is a single sample, the letters underneath each column represent the treatments, 
control (C), heated (H), watered (W) and heated and watered (HW) 
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Figure 2-5 Bar charts of relative abundances of the major phyla as 
percentages of the all the 16S rRNA gene sequences grouped by tissue type 
and watered treatment. (A) Bacterial classes, (B) bacterial orders, and (C) 
bacterial families. Each bar represents the average of all samples within that 
tissue type and watering treatment. 
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Figure S2-1 Rarefaction curve showing shoot- and root samples. There is no 
apparent asymptote in the rarefaction curve suggesting that the community 
was undersampled. Lower numbers of OTUs were recovered from shoots 
than roots. The error bars represent standard error 
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3 Bacterial communities in conifer foliar tissue at 
the Mendocino Ecological Staircase are 
structured by land surface age and host species 

 

 

3.1 Abstract 
 
Forest trees often grow in nutrient limited environments possibly assisted by their 
microbiome. Recent studies from subalpine ecosystems have shown that foliar tissues of 
pines host a core microbiome dominated by the family Acetobacteraceae and contain 
members that fix nitrogen. However, the controls on the rate of nitrogen fixation in pines 
are unknown. This study had four objectives: (1) To test if nitrogen fixation occurs in 
pines growing in coastal ecosystems; to determine if the rates of nitrogen fixation differ 
(2) with the availability of nitrogen in the ecosystem and (3) between different host 
species; and (4) to address if the nitrogen fixation rate correlates with the endophytic 
bacterial community structure. Foliar tissues were taken from three pine species (Pinus 
muricata, Pinus contorta and Pinus radiata) across three marine terraces, in a soil 
chronosequence known to differ in nutritional levels due to land surface age at the 
Mendocino Ecological Staircase. The tissues were used to assess the rate of nitrogen 
fixation using the acetylene reduction assay, and the microbial communities were 
evaluated using 16S rRNA Illumina sequencing. Nitrogen fixation rates were extremely 
variable and did not significantly differ among terraces and host species, suggesting that 
N fixation in pines is not influenced by soil nutrient levels. Foliar bacterial communities 
were structured by both terrace and species but there was no significant interaction. The 
core microbiome of Acetobacteraceae, with sequence variants primarily identified to 
Gluconacetobacter species, were found in all samples showing a consistent relationship 
regardless of nutrient availability. Two bacterial classes were negatively correlated with 
fixation but were minor members of the bacterial community. This is the first study to 
show nitrogen fixation in pines across host species and soil nutrient availability.  

 

3.2 Introduction 
 
The microbiome of plants consists of bacteria and fungi that reside on and within plant 
tissues. Many of the microbes that compose the plant microbiome are generally thought 
to be beneficial to their host, although some exist as commensals and latent pathogens. 
The microbes that are beneficial aid their host plant through many essential functions 
such as nutrient procurement (Elbeltagy et al. 2001; Oteino et al. 2015), pathogen 
resistance (Stinson et al. 2003; Kloepper and Ryu 2006), and the secretion of plant stress 
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hormones (Sziderics et al. 2007). Plant microbiomes are most often acquired horizontally 
from the surrounding environment, primarily from the soil (Lundberg et al. 2012; 
Bulgarelli et al. 2013, 2015; Gundale et al. 2014), but could also come from atmosphere 
deposition (DeLeon-Rodriguez et al. 2013; Klein et al. 2016) and rain (Joung et al. 2017). 
Active recruitment of microbes through the secretion of phytochemicals allows plants to 
select and creates the ability to modulate the microbiome to specific needs (Lebels et al. 
2015; Castrillo et al. 2017). Nitrogen is a nutrient that is commonly a limiting factor for 
plant growth and survival, and recruitment of microbes capable of biological nitrogen 
fixation would be expected. However, only recently has biological nitrogen fixation been 
examined in non-leguminous plants outside of root tissues.  
 
Biological nitrogen fixation (BNF), exclusively performed by prokaryotes, is a process in 
which atmospheric nitrogen is converted to ammonia via the enzyme nitrogenase (Burris 
1966).  Until recently, symbiotic BNF has primarily been studied in the context of 
legume-rhizobia symbiosis (Herridge et al. 2008; Andrews et al. 2011), actinorhizal 
plants (Huss-Danell 1997; Andrews et al. 2011), crop plants (James et al. 1994; Boddey 
et al. 1995; Estrada et al. 2002) and grasses (Zafar et al. 1986; Hurek et al. 2002; 
Bahulikar et al. 2014) and was thought to be uncommon or not possible in forest  trees 
(Menge et al. 2008, 2010, 2014), despite  unknown inputs of nitrogen into forest systems 
(Bormann et al. 1993). Doty et al. (2009) first identified nitrogen-fixing symbionts in the 
stems of poplar (Populous trichocarpa) and willow (Salix sitchensis) demonstrating the 
ability of trees in nitrogen-limited environments to harbor nitrogen-fixing bacteria. 
Further research established that the bacteria within wild poplar are fixing nitrogen, but 
that the rate is highly variable compared to legumes and grass species (Doty et al. 2016). 
Studies in lodgepole pine seedlings (Pinus contorta), showed that endophytic 
Paenibacillus polymyxa isolated from the pine stem tissue was capable of nitrogen 
fixation suggesting a source of nitrogen for conifers that usually live in nitrogen-limited 
environments (Bal et al. 2012; Anand et al. 2013). Furthermore, Moyes et al. (2016) 
provided evidence of endophytic nitrogen fixation in the foliar tissues of limber pine 
(Pinus flexilis) at a nitrogen-limited site, although similar to poplar, rates were extremely 
variable. DNA sequencing of the bacterial communities in limber pine show a 
community dominated by Acetobacteraceae, a family identified as nitrogen fixing in 
sugarcane (James et al. 1994), across locations and time suggesting a nitrogen-fixing 
symbiosis that is stable and consistent (Carrell and Frank 2014; Carrell et al. 2016; 
Moyes et al. 2016). While endophytic nitrogen fixation in foliar tissues could be one of 
the missing sources of nitrogen into forest systems (Bormann et al. 1993), our 
understanding of the variability in nitrogen fixation rates is very limited. All research to 
date has been carried out at one site with highly limited nitrogen (Moyes et al. 2016), and  
it remains unclear whether the nitrogen fixation rate is influenced by soil nitrogen 
availability similar to the facultative legume-Rhizobia symbiosis (Barron et al. 2011), or 
if the rate is constant and independent of nitrogen availability, analogous to actinorhizal 
obligate nitrogen fixers (Huss-Danell 1997; Andrews et al. 2011). Doty et al. (2016) 
suggested the variability in rates of nitrogen fixation in poplar could be the result of the 
non-uniform distribution of the endophytic bacterial communities within the tissue. 
However, the study did not investigate the bacterial community through molecular 
analysis, potentially missing important nitrogen fixing community members. Within 
tropical forest leaf litter, bacterial community composition and diversity directly 
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influenced nitrogen fixation rates (Reed et al. 2010). Further research is needed to 
understand the connection between bacterial communities, nitrogen availability and 
nitrogen fixations rates in conifers. However, a single natural site usually does not 
contain multiple areas with varying nutrient availability creating the need to use multiple 
locations to examine these effects. Use of multiple locations creates confounding 
variables such as differing climate and soil parent material convoluting our understanding 
of nitrogen fixation.  
 
The Mendocino Ecological Staircase located at Jug Handle State Park (Mendocino 
County, CA, USA) is a chronosequence that is characterized by marine terraces resulting 
from tectonic uplifting (Jenny et al. 1969). Lower terraces closer to the coastline (terraces 
1 and 2), have greater amounts of nitrogen and phosphorus (Yu et al. 1999, 2003; 
Izquierdo et al. 2013) available and nutrient depletion is increased as terraces ascend 
higher (terraces 3-5; Jenny et al. 1969; Westman and Whittaker 1975; White et al. 2008; 
Izquierdo et al. 2013). The uppermost terraces (3,4 and 5) are host to a pygmy conifer 
forest consisting of the same species seen at lower terraces but with stunted growth due to 
the limiting nutrients available, including nitrogen and phosphorus and to toxic levels of 
aluminum ions in the soil (Jenny et al. 1969; Westman 1975, 1978). Very few natural 
sites provide the ability to examine communities resulting from a nutrient gradient with 
the same starting parent material and climate. Investigations into soil microbial 
communities at the Mendocino staircase found differences across terraces; with higher 
diversity found at the lower more fertile terraces. The higher terraces however, had 
higher proportions of Acidobacteria and Alphaproteobacteria, specifically those able to 
solubilize minerals (Uroz et al. 2014). A single study at the Mendocino staircase 
investigated plant microbe interactions showing that ectomycorrhizal fungal communities 
shifted due to the nutrient availability. They also showed that pygmy pine trees host a 
different community then non-pygmy pines of the same species (Moeller et al. 2014). 
Nitrogen fixation has not been studied in pines outside of temperate ecosystems and it is 
unknown whether coastal pines will harbor a similar community. Furthermore, it is 
unclear if or how the microbial consortia in the foliar tissues of pines will respond to the 
extreme nutrient availability variation and what consequences that may have on the rate 
of nitrogen fixation.  
 
This current study examines the nitrogenase activity and the composition of foliar 
bacterial communities of conifers at the Mendocino ecological staircase.  This study had 
four objectives: (1) To test if nitrogen fixation occurs in pines growing in coastal 
ecosystems; to determine if the rates of nitrogen fixation differ (2) with the availability of 
nitrogen in the ecosystem and (3) between different host species, and finally, (4) to 
address if nitrogen fixation rates correlate with the endophytic bacterial community 
structure.  
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3.3 Methods 
3.3.1 Site description 
 
The Ecological Staircase in the Jug Handle Reserve is located on the northern California 
coast about 160 miles north of San Francisco. It stretches 5 km from the Pacific coast in 
the West to Jackson State Forest in the East. The park features five terraces that have 
been uplifted from sea level by glacier, ocean, and tectonic activity. Each terrace differs 
in age by approximately 100,000 years (Jenny et al. 1969; Merritts et al. 1991).  each 
terrace represents a different level of weathering of the graywacke sandstone parent 
material (Jenny et al. 1969).The soils of the ecological staircase are spodosols classified 
as ustic humitropept in the first terrace, typic tropaquod in the third terrace and typic 
albaquult in the fifth terrace (Northup et al. 1995; Yu et al. 1999, 2003). Due to all five 
terraces occurring within 5 km of each other, they all experience the same Mediterranean-
type climate with frequent spring and summer fog. Mean annual temperature is 12.5 “C 
and mean annual precipitation is 983 mm (Yu et al. 1999).  
 

3.3.2 Sample collection and environmental measurements 
 
Samples were collected in March 2016 from the Mendocino Ecological Staircase in Jug 
Handle State Park (Mendocino County, CA, USA). Pine foliage was taken from three of 
the marine terraces (1,3, and 5). At terrace 1, seven P.radiata trees and two P.contorta 
trees were sampled. At terrace 3 and 5, seven trees from P.contorta and seven trees from 
P.muricata were sampled. The low sampling amount of P. contorta trees at terrace 1 was 
the result of low abundance. Pinus radiata is only present at terrace 1 and was sampled 
due to a identification error in the field. Approximately 20 g of needle tissue was taken 
from each tree with a sterile razor blade and placed in sterile bags, 10 g was for molecular 
analysis the other 10 g was used for acetylene reduction assays (ARA). Samples for 
molecular analysis were transported on ice to the University of California, Merced. 
Samples for ARA were transported on ice to the University of California, Berkeley. Plant 
Root Simulator (PRS) probes (Western Ag Innovations, Saskatchewan, Canada) were 
placed in the soil 7-14 days prior to the sampling. Two anion and two cation probes were 
placed in pairs on opposite sides of each tree sampled. The probes were placed 2 m from 
the base of all trees and were exposed to the top 6 cm of organic horizon. During tree 
sample collection, the probes were removed and rinsed with deionized water prior to 
shipment to Western Ag. Innovations for analysis.  
 

3.3.3 Acetylene reduction assays 
 
Acetylene reduction is commonly used as a proxy for nitrogen fixation rates as the same 
enzyme, nitrogenase, that is capable of breaking the triple bond in atmospheric nitrogen 
is also able convert acetylene to ethylene (Bergersen 1970; Hardy et al. 1973). Samples 
taken for ARA were processed the day following collection. The twig samples were re-
cut, 1-2 cm from the original field cut under water. The needles were immersed in 30% 
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H202 solution for 2 minutes to remove any microbes on the surface for the needles. 
Following immersion in the H202 solution the needles were rinsed three times with 
deionized water (Izumi et al. 2008). The twigs (wood and attached needles) were then 
placed in separate 473 mL Mason jars immersing the stem in water, the jars were sealed 
with lids containing Butyl rubber septa for insertion and removal of gases. At least one 
twig from each species and terrace were used as controls for any endogenous ethylene 
production; these jars received no ethylene gas but instead received 50 ml of ambient air. 
The rest of the jars with twigs received 50 ml of acetylene gas. Each experimental sample 
was paired with a no-twig jar, which was a jar containing no twig sample but received 50 
ml of acetylene gas. Gas was mixed in the jars by pumping the plunger three times 
immediately after injection of the acetylene gas into the jar. An initial 15 mL sample of 
gas was taken immediate from all jars. After 2.5 hours, gas was mixed again prior to the 
removal of a second 15 mL sample from each jar. Samples were stored in evacuated 12 
ml Exetainer vials. Headspace samples were analyzed on a gas chromatograph (6890, 
Hewlett Packard, Palo Alto, CA USA) equipped with a flame ionization detector using 
helium as the carrier gas. 
 

3.3.4 Molecular sample preparation 
 
The following day samples were separated into four (1 g) samples using sterile razor 
blades and tweezers and placed in 50 mL conical tubes. Each sample (1 g) was covered 
with 30 mL of PBS-S buffer (1X PBS, 0.02% Silwet L-77) and were vortexed for 15 
seconds. The samples were then sonicated for 5 minutes with five 30 second sonication 
burst followed by five 30 second breaks. The PBS-S buffer was decanted and 30 mL of 
fresh PBS-S buffer was added to the samples. The samples were then sonicated again for 
5 minutes in five 30 second sonication bursts (Edwards et al. 2015). The buffer was 
decanted from the samples and the tissue was frozen at -20 °C until further processing. A 
few needles were taken from random samples for microscopy to confirm sterility. 
Microscopy on the samples revealed the presence of bacteria and all the needles used for 
molecular analysis were further processed as semi-sterile samples.  
 

3.3.5 Bacterial enrichment 
 
Bacterial DNA is usually in very small proportions compared to host nuclear and plastid 
DNA. In order to increase the bacterial DNA, a modified bacterial enrichment method 
from Nissinen et al. (2012) was performed on the tissue. This method separates the 
bacterial cells from the plant tissue, creating a bacterial pellet, prior to DNA extraction to 
eliminate a majority of the host DNA. Frozen tissue (1 g) was homogenized in a sterile 
mortar and pestle with liquid nitrogen. Each sample was split into two, 0.5 g samples and 
were placed in a 2 mL screw cap tubes. To each 2 mL tube, 1 mL of potassium phosphate 
buffer (10 mM, pH 6.5) and 0.3 g of sterile 0.1 mm glass beads were added. The tubes 
with tissue and buffer were placed in a bead beater and shaken for 3 minutes, then 
centrifuged for 5 minutes at 500 g. The supernatant was collected and placed in a new 2 
mL screw cap tube, the supernatants from the split samples were combined at this point 
into one tube. The supernatant containing the bacteria was then centrifuged at 12,000 g 
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and 4 °C for 30 minutes to pellet the bacterial cells. The supernatant was discarded, and 
the pellet was re-suspended in BCE buffer (50mM Tris-HCl [pH 7.5],1% Triton X-100 
and 2mM 2-mercaptoethanol) and incubated at room temperature for 30 minutes. The 
samples were centrifuged at 12,000 g and 4 °C for 30 minutes. The supernatant was 
discarded, and the remaining bacterial pellet was frozen at -20 °C until extractions. 
 

3.3.6 DNA extraction 
 
The DNA in the bacterial pellets from the enrichment step was extracted using a CTAB 
protocol. 800 µl of CTAB extraction buffer (1 mL CTAB, 0.04g polyvinylpyrrolidone 
and 5 µl 2-mercaptoethanol) and 0.3 g of sterile 0.1 mm glass beads was added to each 
sample. The tubes were then placed in a bead beater and shaken 3 X 40 seconds, followed 
by incubation for 2 hours at 60 °C with mild vortexing every 30 minutes. After 
incubation, 800 µl of chloroform:isoamyl was added to each tube and was mixed by 
inversion for 5 minutes. The samples were centrifuged at 16,000 g for 10 minutes. The 
aqueous phase was recovered and transferred to a new 1.5 mL microcentrifuge tube. Each 
tube was treated with 5 µl of RNAse A (10 mg/mL; Thermo Fisher Scientific, Waltham, 
MA, USA) and incubated at 37°C for 15 minutes with gentle mixing. An equal volume of 
chloroform:isoamyl alcohol was added to remove residual proteins and the RNAse A, 
and the tubes were mixed by gentle inversion for 5 min. The samples were centrifuged at 
16,000 g for 10 minutes and the aqueous phase was recovered and placed in a clean 1.5 
mL microcentrifuge tube. To each tube, 1/10 volume of 3 M sodium acetate and an equal 
volume of cold isopropanol was added. The tubes were inverted gently one time and 
incubated in the -20 °C for 12 hours. Following incubation, samples were centrifuged at 
16,000 g and 4 °C for 30 minutes. The supernatant was decanted and 700 µl of 70% 
ethanol was added to wash the DNA pellet. Tubes were centrifuged at 16,000 g and 4 °C 
for 10 minutes, ethanol was decanted, and tubes were centrifuged at 16,000 g and 4 °C 
for an additional 5 minutes. Tubes were inverted on a Kimwipeâ to remove residual 
ethanol and allow DNA pellets to dry. Once ethanol was removed DNA pellets were re-
suspended in 30 µl of DNA resuspension buffer (10 mM Tris-HCl [pH 8.0], 0.1 mM 
EDTA  [pH 8.0]). After resuspension, DNA was stored at -20 °C for further use.  
 

3.3.7 PCR amplification and DNA sequencing 
 
Bacterial DNA that was previously extracted was used as the template for the barcoded 
PCR. The barcoded PCR was carried out in triplicate 25 µl reactions. Each 25 µl reaction 
contained 1 µl template DNA, 18.35 µl RT-PCR grade water (Invitrogen, Carlsbad, 
CA,USA), 2.5 µl of 10X complete reaction buffer (Boca Scientific, Westwood, MA, 
USA), 0.2 mM dNTPs, 0.15 µl bovine serum albumin (20mg/mL; Fisher Scientific, 
Hampton, NH, USA), 0.4 µM of the forward primer 799F containing the Illumina adapter 
sequence (5’-
AATGATACGGCGACCACCGAGATCTACACGTCCGCAAGTTATCGCAGCTCCT
CTTAACMGGATTAGATACCCKG), 0.4 µM of the reverse primer 1193R containing 
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the Illumina adapter and 12-bp Golay barcode (indicated as Xs, 5’-
CAAGCAGAAGACGGCATACGAGATXXXXXXXXXXXXTATTGCATGCCTTCG
CACGTCATCCCCACCTTCC; Bodenhausen et al. 2013) and 0.5 µl of DFS-Taq 
polymerase (5U/µl;  Boca Scientific, Westwood, MA, USA). PCR reactions were run on 
a thermocycler with the following protocol: an initial denaturation at 95 °C for 5 minutes, 
followed by 30 cycles of 95 °C for 1 min, 58 °C for 40 secs, 72 °C for 40 secs, concluded 
by a 10-minute final extension at 72 °C. Triplicate PCRs were combined and gel 
electrophoresis was used to verify amplification and extract the bacterial band (~750 bp). 
Gel extractions were carried out by running a 2% (w/v) agarose gel for two hours at 80 
volts. Bands were excised using a sterile scalpel. The PCR products were extracted from 
the gel slices using GenCatch gel extraction kits (Epoch Life Science Inc., Missouri City, 
TX, USA) according to the manufacturer’s protocol. Gel extracted fragments were 
quantified using a Qubit HS DNA assay kit (Thermo Fisher Scientific, Waltham, MA, 
USA). Samples were diluted with DNA suspension fluid to 6 nM, and 5 µl of each 
sample was combined. This included a negative control sample where the DNA 
concentration was too low to be quantified. After pooling, the final library was cleaned 
using the Purelink PCR Purification kit (Thermo Fisher Scientific, Waltham, MA, USA) 
according to the manufacturer’s instructions. The cleaned pooled library was sent to the 
University of California, Davis DNA technologies core to be sequenced on the Illumina 
MiSeq with a 2X250 paired end run.  
 

3.3.8 ARA analysis 
 
Conversion rates of acetylene to ethylene in each jar were estimated as the change in 
nanomoles of ethylene from the first time point to the second time point per unit needle 
dry mass. Jars that showed changes of more than -15% of acetylene peak were removed 
from the dataset as very leaky jars. For remaining samples, leak rates were calculated 
using the no twig jars which were assumed to have the same leak rate as jars with twigs. 
The expected ethylene concentrations were calculated using the difference between the 
final and initial time acetylene peaks for all jars. The remaining values showed ethylene 
in excess of the amount expected based only on the amount of acetylene in the sample. 
Values were converted to ppm ethylene using gas standards. The mean rate of ethylene 
production in control jars was subtracted from each twig jar to account for changes in 
ethylene not due to leaks. Using the ideal gas law, ppm of ethylene was converted to 
nanomoles of ethylene and estimated rates per hour of dry mass. We assumed room 
temperature (293.15 K) and pressure (99.274 kPa), and calculated jar-specific headspace 
volumes from twig volumes determined using a volume displacement method. A 
Kruskal-Wallis nonparametric test was used to examine overall differences between ARA 
rates. Pairwise calculations between terraces and host species were carried out using a 
Wilcoxon-test in the ggpubr package (version 0.1.6.999; Kassambara 2017)  in R.   
	
3.3.9 DNA sequence analysis 
 
Raw reads were imported into QIIME2 (v.2018-6; Caporaso et al. 2010) and 
demultiplexed. Dada2 (Callahan et al. 2016) was used to detect and correct Illumina 
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sequencing errors and remove chimeric sequences and identify true sequence variants as 
implemented in QIIME2. Taxonomy was assigned to the sequence variants using a Naïve 
Bayes classifier trained on the SILVA 132 database (Pruesse et al. 2007). Sequence 
variants identified as chloroplast and mitochondria were filtered from the dataset. The 
negative control contained one sequence variant at a low level (100 sequences) and was 
removed from the dataset before further processing. A multiple sequence alignment was 
created using MAFFT and the alignment was filtered to remove highly variable sites 
using mask as implemented in QIIME2. The resulting filtered alignment was used to 
generate a phylogenetic tree using fasttree. Further analysis of community structure and 
variation was carried out using R (version 3.4.4).  Alpha diversity was calculated in 
Phyloseq (v.1.22.3; McMurdie and Holmes 2013) using Shannon’s diversity index, 
observed values and Fisher’s alpha diversity. A Kruskall-Wallis test was used to compare 
overall alpha diversity measurements between groups using the ggpubr package (version 
0.1.6.999; Kassambara 2017) in R. Pairwise tests of alpha diversity measurements were 
conducted to determine differences in alpha diversity due to terrace, host species and the 
interaction using Wilcoxon test in the ggpubr package using Benjamin-Hochberg to 
correct for multiple testing. To normalize across different library sizes, the data was input 
into MetagenomeSeq (1.20.1; Paulson et al. 2016) and transformed using the cumulative 
sum normalization. Beta diversity was analyzed using weighted and unweighted UniFrac 
distances and visualized using a principal coordinate analysis. Significance effects of 
terrace and host species were tested using an Adonis in the vegan package (2.4-6; 
Oksanen et al. 2017) in R. A constrained correspondence analysis was used to assess the 
effect of phosphorus, ammonium and ARA results on the community structure. 
Correlation of environmental variables with bacterial classes and families was assessed 
with the Pearson rank test, multiple testing was corrected with the Benjamin-Hochberg 
correction using the HMISC package (version 4.1-1; Harrell Jr and Others. 2018) in R.  
DESeq2 (v1.18.1; Love et al. 2014) was used to determine statistically significant 
sequence variants that were increased or decreased in different terraces and host species. 
For all analysis significance was assessed at p=0.05. Sequence data was deposited in the 
NCBI SRA archive under bioproject PRJNA495617.  
 

3.4 Results 
 
ARA rates were highly variable among terraces and host species (Fig 3-1). Generally, 
terrace 1 and Pinus radiata had higher ARA rates, although these differences were not 
statistically significant (Kruskal-Wallis, p=0.12 and p =0.32, respectively; Fig. 3-1). 
Adsorption rates for the PRS probes were highly variable at each terrace (Fig 3-2). 
Phosphorous was statistically different overall among the terraces with terrace 1 having a 
higher availability. The highest values for both ammonium and phosphorous were 
measured on terrace 1, although ammonium was not significantly different in our results.   
 
Both terrace and host species, but not their interaction significantly structured bacterial 
communities using both unweighted and weighted UniFrac distances (Fig 3-3; Table 3-
1).  Terrace explained 20.2% and 37.5% of the variation in the bacterial communities 
using unweighted and weighted UniFrac distances, respectively. Terrace 1 samples, 
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regardless of host species, clustered closely while terrace 3 and terrace 5 are inseparable 
as a cluster (Fig 3-3). Host species explained less variation than terraces, 7.7% and 11.3% 
using unweighted and weighted UniFrac distances respectively.  
 
Terrace 1 and Pinus radiata had larger alpha diversity regardless of which diversity 
measurement was used (Fig 3-4).  The significant differences alpha diversity among 
terraces and species (Fig 3-4C) was primarily due to the higher values in alpha diversity 
in Pinus radiata. However, Pinus contorta at terrace 1 also had higher alpha diversity 
values though they were not significant (p>0.05).  
 
Overall, the bacterial communities of all species and terraces were dominated by 
Alphaproteobacteria primarily from the family Acetobacteraceae (35%-83%), followed 
by Acidobacteriia (5.7% -41.7%), Betaproteobacteria (2.2%-34.7%) and 
Gammaproteobacteria (2.3%-24.8%; Fig 3-5). Within the Acetobacteraceae family, the 
majority of sequence variants were classified to the genus Gluconacetobacter. Terrace 1 
had higher amounts of the families Burkholderiaceae (Betaproteobacteria) and 
Sphingomonadaceae (Alphaproteobacteria) relative to Terrace 3 and 5 (6.75%, 0.39% 
and 2.9% respectively for Burkholderiaceae and 4.77%, 0.39% and 0.83% respectively 
for Sphingomonadaceae). The family Beijerinckiaceae, representing a minor fraction of 
the community, was seen to increase from Terrace 1 (0.78%) to Terrace 3 (1.79%) with 
the most seen in Terrace 5 (2.27%). Specific sequence variants belonging to 
Acetobacteraceae and Acidobacteriaceae showed statistically significant enrichment in all 
terraces but with more significant sequence variants found in terraces 3 and 5 (Fig 3-6). 
Terrace 1 had enrichment of sequence variants belonging to the families Frankiaceae 
(Actinobacteria), Microbacteriaceae (Actinobacteria), Rhodanobacteraceae 
(Gammaproteobacteria) and Sphingomonadaceae (Alphaproteobacteria) relative to 
terraces 3 and 5 (Fig 3-6 A&B) and enrichment in Burkholderiaceae (Betaproteobacteria) 
relative to terrace 3 (Fig 3-6B).  
 
A few bacterial families had significant correlations with the environmental parameters. 
Interestingly, all significant correlations with ARA rate were negative (Fig 3-7). The 
families Oligoflexaceae and Blattabacteriaceae were negatively correlated with the ARA 
rates at Terrace 3 (R=-0.91, p=0.0002, n=11; R=-0.89, p=0.0006, n=11, respectively) and 
in the host species Pinus muricata (R=-0.86, p=0.004, n=10; R=-0.86, p=0.004, n=10, 
respectively). The families Polyangiaceae, Pseudomonadaceae and Enterobacteriaceae all 
had significant positive correlations with ammonium concentrations although these were 
terrace- and species-specific.  
 

3.5 Discussion 
 
Conifers often survive in nutrient-limited environments suggesting that their microbiome 
may play an important role. While ectomychorrihzal fungi are known to play key roles in 
nutrient and water uptake in conifers (Plamboeck et al. 2007; Moeller et al. 2014), the 
bacterial community may also be an important contributor to the host plant’s health. 
Previous research have shown that the foliar tissues of conifers are host to endophytic 
bacteria capable of nitrogen fixation (Moyes et al. 2016) and that the community is 
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dominated by a single bacterial family (Acetobacteracae) containing known nitrogen 
fixers (Carrell and Frank 2014; Carrell et al. 2016; Moyes et al. 2016). However, all 
previous research has been conducted in nitrogen-limited sites, so it is unclear if and how 
the microbial communities and nitrogen fixation rates vary with nitrogen availability in 
the soil.  
 
Ethylene production was positive across terraces and species, suggesting that endophytic 
nitrogen fixation is a widespread phenomenon. Nitrogen fixation rates were highly 
variable, similar to previous studies in pines (Moyes et al. 2016) and poplar (Doty et al. 
2016). The nitrogen fixation rate was independent of terraces and host species suggesting 
that the nitrogen fixers within pines are not correlated with environmental soil properties 
and are constantly fixing. Contrary to our expectations, terrace 1 had the highest average 
nitrogen fixation rates although this was not significant, while still having the highest 
amount of nutrients available, suggesting that nitrogen fixation is constant and possibly 
depends on the availability of other nutrients in the system such as phosphorus. Terrace 1 
had the highest bacterial community diversity and the highest nitrogen fixation rates; this 
pattern has been observed in tropical forests where increases in community diversity 
correlate with increased fixation rates (Reed et al. 2010). Lower rates of nitrogen fixation 
at higher terraces could be the results of limitations of other nutrients required for 
nitrogen fixation. In agricultural ecosystems (Almeida et al. 2000; Chaudhary et al. 2008) 
and tropical ecosystems (Batterman et al. 2013), phosphorus limitation can restrain 
nitrogen fixation rates, which could explain the lower rates at older terraces since these 
terraces are also phosphorus limited (Izquierdo et al. 2013).  
 
High variability in the nitrogen fixation rates, which has previously been seen in pine 
foliage (Moyes et al. 2016) and low replication numbers could contribute to the lack of 
significant differences seen in the terraces and host species. One potential explanation for 
the variable rates, could be that the nitrogen fixers are not uniformly distributed within 
the plant tissue. This was suggested by Doty et al. (2016) as a possible explanation for the 
variable rates seen in poplar. Bacteria have been shown to not colonize plant tissues 
uniformly (Gyaneshwar et al. 2001; Surette et al. 2003) and fungal endophytes were 
found to colonize needles of Pinus strobus irregularly (Deckert and Peterson 2000). 
However, because whole twigs were used for the ARA, non-uniform distribution of 
nitrogen fixers within individual needles is unlikely to cause the variability. Another 
explanation could be that nitrogen fixers within the pines are not the majority group 
found but instead a minor member of the community. Recent evidence in rice bacterial 
communities, has shown that despite identification of a majority diazotrophic community 
only a small fraction were actively fixing nitrogen (Sessitsch et al. 2012) . Other work 
has suggested that more abundant bacteria in communities function in general roles 
compared to rare taxa which function in specific processes, although this study was not 
examining symbiotic communities (Rivett and Bell 2018). Alternatively, a lack of pattern 
in nitrogen fixation rates between terraces, host species and correlation with bacterial 
community members could be the result of methodological errors as leaks in the jars 
containing the ARA samples are common and could be more variable than we assumed. 
More research is needed to tease apart our understanding of variable nitrogen fixation 
rates in pine needles. 
 



	

	 	

46	

Foliar bacterial communities at the Mendocino Ecological Staircase were primarily 
structured by terraces, similarly to soil bacterial (Uroz et al. 2014) and fungal 
communities (Courty et al. 2018). Higher diversity of bacterial foliar communities was 
seen at terrace 1 where soil nutrient levels were highest, suggesting that increases in 
nutrient availability allows for higher diversity and perhaps a reflection of a more diverse 
source population from the soil which was previously reported (Uroz et al. 2014). 
Similarly, higher soil nutrient levels may reflect higher availability in foliar nutrient 
levels. Higher foliar nutrient levels has been shown to influence the phyllosphere 
bacterial communities in woody species (Kembel et al. 2014).  Nutrient levels in conifer 
needle tissues were not tested in this study, however previous work on Pinus muricata 
needles has shown that foliar nutrients decreased and phenolic concentrations increase 
with increased terrace age (Northup et al. 1995; Yu et al. 1999). Community composition 
differences between terraces could also reflect the life history traits of the host that have 
been selected for by low nutrient conditions, such as the stunted growth at older terraces. 
Ectomycorrhizal fungal communities of Pinus muricata were shown to differ between 
non-pygmy and pygmy trees at the Mendocino ecological staircase, possibly reflecting 
differences in selection due to host genetics (Moeller et al. 2014). However, pygmy host 
genetics and terrace cannot be separated since pygmy trees are only located at older 
terraces. Host plant species identity also structured bacterial communities independent of 
terraces. Host species has been previously identified as a factor structuring bacterial 
diversity in foliar communities, specifically in the phyllosphere (Laforest-Lapointe et al. 
2016).   
 
Similar to previous studies of Pinus flexilis, all foliar communities were dominated by 
Acetobacteraceae, suggesting a strong consistent association of bacterial endophytes 
across multiple host species and sites (Carrell and Frank 2014; Carrell et al. 2016; Moyes 
et al. 2016). The family Beijerinckiaceae (Alphaproteobacteria), which was minor 
member of the communities, showed increased relative abundance as terraces become 
older. Beijerinckiaceae are an acidophilic and methylotrophic group that has been found 
in the soils, including deciduous forests soils (Morawe et al. 2017). As terraces increase 
in age from terrace 1 to terrace 5, nutrients are leached from the upper layers, the soils 
become podzolized. Podzolized soils have previously been shown to be rich in methane 
oxidizing acidophilic bacteria (Kravchenko and Sukhacheva 2017) and is consistent with 
the moderate increase seen in this group in the needles of Terrace 5 pines. The bacterial 
family Blattabacteriaceae negatively correlated with nitrogen fixation rate at terrace 3 and 
in Pinus muricata trees. Blattabacteriaceae are commonly found as symbionts of beetles 
and one species of termite (Sabree et al. 2009). Correlation of this family with nitrogen 
fixation rates may be spurious. Alternatively, it could point to a detrimental effect of 
phytophagus insects on nitrogen fixation rates. More research would be needed to tease 
apart these two ideas.  
 
This is the first study to examine nitrogen fixation rates and the corresponding bacterial 
community in pines across a natural nutrient gradient. While rates of nitrogen fixation 
were variable in pines, it was clear that soil nutrient availability did not affect the rate of 
fixation, suggesting fixation is constitutive in pines. However, the results did not show a 
significant correlation between nitrogen fixation rates and bacterial community members, 
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likely due to the high variability of nitrogen fixation rates or alternatively due to rare 
members in the bacterial community being the active nitrogen fixers.  
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3.7 Tables 
 
Table 3–1 Adonis values for unweighted and weighted UniFrac distances 
testing for the effect of terrace, species and the interaction of terrace and 
species in structuring bacterial communities 

 R2 P-Value 
Unweighted   
Terrace 0.202 0.001 
Species 0.077 0.015 
Terrace: Species 0.016 0.835 
Weighted   
Terrace 0.375 0.001 
Species 0.113 0.007 
Terrace: Species 0.012 0.421 
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3.8 Figures 
 
 

 
Figure 3-1Acetylene reduction assay result by (A) terrace and (B) host 
species. Pairwise comparisons shown were calculated using a Wilcoxon-test. 
The box runs from the first to third quartile.  The whiskers extend from the 
box to either the lowest or highest value, if within 1.5* the interquartile 
range. Data beyond the end of the whiskers are plotted individually 
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Figure 3-2 Environmental values collected from the PRS probes, (A) 
phosphorus and (B) ammonium. Pairwise comparisons are shown for each 
terrace pooled across sample species calculated using a Wilcoxon-test. The 
box runs from the first to third quartile.  The whiskers extend from the box 
to either the lowest or highest value, if within 1.5* the interquartile range. 
Data beyond the end of the whiskers are plotted individually 
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Figure 3-3 PCoA visualization of (A) unweighted and (B) weighted UniFrac distances. Each point represents 
the entire bacterial community within a single sample. Points clustering closer together means those bacterial 
communities are more similar.   
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Figure 3-4 Alpha diversity measurements for (A) terraces, (B) host species and (C) terrace and host species. P-
values reported are the result of Kruskal-Wallis test 
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Figure 3-5 Bar graphs showing the relative abundance of each bacterial family that makes up greater than 2% of 
the sample. Each bar is a sample and are separated into terraces and species. The legend shows the bacterial 
families preceded with the bacterial class in all capitals to which those families belong.  
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Figure 3-6 The number of sequence variants that were found to be 
differentially abundant between terraces by DeSeq2, grouped by bacterial 
family classification (y-axis). (A) Sequence variants for terrace 1 compared 
to terrace 5;(B) sequence variants for terrace 1 compared to terrace 3
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Figure 3-7 Pearson correlations of bacterial classes for each terrace and host species with ammonium, ARA and 
phosphorous. Correlations range from -1 (dark blue) to 1 (green). Significant correlations are shown with 
asterisks: * p<=0.05 ** p<=0.01 ***p<=0.001.
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4 Needle age structures microbial communities in 
Pinus species with greater effect in long lived 
Pinus longaeva (bristlecone pine)  

 

4.1 Abstract 
 
Plant microbiomes can play key roles in the health of their host organism, but the factors 
that drive the structure and assembly of plant-associated microbial communities are not 
well understood. Microbial communities are known to vary with plant compartment (such 
as leaves and roots), plant life stage and host species. Conifers are capable of retaining 
their needles for multiple years, with the longest retention time of 10-45 years in Pinus 
longaeva (bristlecone pine). Previous studies on conifers have suggested that the needle 
microbiome is the product of the long lifespan of individual needles and host filtering of 
the microbial community.  However, the effect of needle age on the microbial 
communities in and on needles has not been examined. We hypothesized that the 
accumulation of taxa through leaf life span along with selective filtering by the host is 
important for shaping the bacterial communities that inhabit pine needles. We examined 
the bacterial communities on the surface (phyllosphere) and interior (endosphere) of 
young and old needles from four Pinus species (Pinus flexilis, Pinus contorta, Pinus 
ponderosa and Pinus longaeva) that vary in needle retention time from 2-45 years. 
Illumina sequencing of the 16S rRNA gene was used to characterize the bacterial 
communities and assess the impact of host species, needle age and plant compartment. 
We found that needle age significantly structured the bacterial communities, but that it 
explained less of the variation among samples than did host species, plant compartment 
and geographic location. Needle age was a stronger driver of endosphere communities 
than phyllosphere communities, with the strongest effect in the endosphere of P. 
longaeva, suggesting that both accumulation of taxa over time and host selection shapes 
the needle endophyte community. Younger needles had greater abundance of 
Betaproteobacteria relative to older needles, similar to pine seedling communities from 
our previous study. Older needles were primarily dominated by Acetobacteraceae 
(Alphaproteobacteria), a group that has been found to dominate conifer needle 
communities in mature trees across species and locations. Our study suggests that the 
high relative abundance of Acetobacteraceae in pine needles is a result of accumulation 
of these taxa in pine needles over time. This is the first study to examine the effects of 
needle age in Pinus species on the host associated bacterial communities and the first to 
describe foliar bacterial communities in the long-lived Pinus longaeva (bristlecone pine).  

 

4.2 Introduction 
 
The plant microbiome is the collection of microorganisms that reside on and within plant 
tissues. These microbes vary in their degree of benefit to the host organism from 



	

	 	 	

61	

detrimental to neutral to highly beneficial. Some of the advantages the beneficial 
organisms can confer on their host include buffering against abiotic stressors (Sziderics et 
al. 2007; Lata et al. 2018), pathogen prevention (Stinson et al. 2003; Kloepper and Ryu 
2006; Devely-Rivière and Galiana 2007) and the acquisition of limiting nutrients 
(Elbeltagy et al. 2001; Oteino et al. 2015). Nitrogenase activity has been confirmed in 
subalpine conifers (Moyes et al. 2016), suggesting that the foliar microbiome may 
provide a direct source of nitrogen to these trees, which often grow in nutrient-limited 
environments. Although these microbes may play crucial roles in plant health and 
development, the factors influencing their community structure and assembly are not 
fully understood, particularly in long-lived host species such as forest trees.  
 
Pines hold their needles for several years. Extended needle longevity is an adaptation to 
arid and high elevation environments, and is under both genetic and environmental 
control  (Grime 1977; Ewers and Schmid 1981). Needle retention varies with species and 
environmental conditions (Ewers and Schmid 1981). For example, Pinus longaeva 
(bristlecone pine) has the longest documented needle retention time at 10-45 years, while 
Pinus contorta ssp. contorta retain their needles for 1-6 years (Ewers and Schmid 1981).  
 
The endophytic microbiome of subalpine conifer foliage has been found to be dominated 
by acetic acid bacteria (the Alphaproteobacteria family Acetobacteraceae), with high 
similarity across species, location, and time (Carrell and Frank 2014; Carrell et al. 2016; 
Moyes et al. 2016) suggesting that canopy bacteria are transmitted across large distances, 
potentially via air, dust, or rain, and that host filtering of bacterial communities is strong, 
and potentially amplified by the long lifespan of individual Pinus needles. Similarity of 
the dominating taxa to 16S rRNA sequences from air samples supports the hypothesis 
that conifer foliar communities are airborne (Carrell et al. 2016). Laforest-Lapointe et al. 
(2016a) compared phyllosphere (leaf surface) communities in broadleaf and coniferous 
forest trees and found a higher alpha diversity of bacterial communities on the leaves of 
conifers, suggesting that the bacterial community on conifer leaves is shaped either by 
strong selective power of the host species or longer accumulation of taxa through leaf life 
span.  
 
To our knowledge, the influence of individual needle age on bacterial endophyte and 
phyllosphere communities has not been examined. A few studies of fungal endophytes in 
pine needles have found an increase in colonization rates with needle age (Hata et al. 
1998; Wang and Guo 2007; Guo et al. 2008), with one study reporting no colonization in 
needles just after emergence (Hata et al. 1998). Although these studies offer some insight 
into the effect of needle age on microbial communities, they were limited to culture-
dependent methods, which may not capture the entire community.  
 
In this study, we quantified the relative influence of needle age, host species, and 
geographic location on the bacterial phyllosphere and endophyte communities in 
subalpine Pinus species. We collected newly emerging and older needle tissue in four 
Pinus species with varying needle retention times (Pinus flexilis, Pinus contorta, Pinus 
ponderosa and Pinus longaeva), and characterized the bacterial communities on the 
surface and interior of needles using high-throughput illumina sequencing of the 16S 
rRNA gene. 
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4.3 Methods 
 

4.3.1 Sample collection and separation of needle ages 
 
Samples were collected from 15 sites across the natural range of limber pine (Fig 4-1A). 
At each site 10 limber pine trees were sampled along with 10 trees of co-occurring Pinus 
species (Fig 4-1B). For each tree, roughly 10 g of tissue (twig with needles) was cut at 
breast height using sterile razor blades and placed into sterile bags. Tissue samples were 
placed on ice and shipped overnight to the University of California, Merced. Samples 
received at the University of California, Merced were placed in the fridge and processed 
within 3 days of arrival. Twigs were separated into young needles, those that had recently 
emerged from buds that were most terminal and older needles, those that were fully 
developed and further back on the twig. Needle retention times for each species were 
taken from Ewers and Schmid (1981). 
 

4.3.2 Sample sterilization 
 
Two 1 g samples from each of the two needle age classes were placed in 50 mL conical 
tubes. Long needle samples were cut into 1.5-inch pieces prior to placement in tubes. 
Needle samples were surface sterilized using sonication as previously described in 
Lundberg et al. (2012) and Edwards et al. (2015). Samples were immersed in 15 mL of 
PBS-S buffer (1X PBS with 0.02% Silwet L-77) and vortexed for 15 seconds. The 
samples were then sonicated for 5 minutes (output frequency 42 kHz, power 90 W, 
Branson Ultrasonics, Danbury CT, USA). The liquid PBS-S buffer was transferred to 
new 50 mL conical tubes and was kept as the phyllosphere sample (microbes on the outer 
tissues). Fresh PBS-S buffer was added to the needle samples, and they were sonicated 
for another 5 minutes to ensure all microbes were removed (endosphere samples). The 
buffer was removed, and endosphere samples were stored at -80 °C until further 
processing.  
 

4.3.3 Phyllosphere collection  
 
The phyllosphere samples were centrifuged for 15 minutes at 3200 g. The supernatant 
was removed, and the resulting pellet was re-suspended in 1.5 mL of 1X PBS and 
transferred to a 2.0 mL screw cap centrifuge tube. The sample was then centrifuged for 5 
minutes at 10,000 g (Lundberg et al. 2012). The remaining supernatant was removed and 
the pellets were frozen until extraction.  
 

4.3.4 Endosphere enrichment 
 
To isolate endosphere bacterial DNA, a modified enrichment protocol developed by 
Nissinen et al. (2012) was used. The 1 g tissue samples were split into two 0.5 g samples, 
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placed in a sterile mortar and with liquid nitrogen in a cryogenic homogenizer 
(Fisherbrand™ PowerGen™ Cryogenic Homogenizer) and ground into a fine powder 
using a sterile pestle. Each 0.5-gram ground sample was placed in a 2 mL screw cap tube. 
The sample was suspended with 1 ml of potassium phosphate buffer (10 mM, pH 6.5) 
with vortexing. 0.3 g of sterile 0.1 mm glass beads were added to each tube, and the 
samples were then bead beaten for 3 minutes. The tubes were then centrifuged for 5 
minutes at 500 g, the supernatant from each of the two 0.5 g samples was collected and 
combined in a new 2.0 mL screw cap tube. The tubes were when centrifuged for 30 
minutes at 12,000 g at 4 °C and the supernatant was discarded. The pellet was re-
suspended in 1 mL of BCE buffer (50 mM Tris–HCl [pH7.5], 1% Triton X-100, 2 mM 
mercaptoethanol; Ikeda et al. 2009)  and incubated at room temperature for 30 minutes. 
Samples were then centrifuged for 30 minutes at 12,000 g at 4 °C, the supernatant was 
discarded, and the resulting bacterial pellet was used for DNA extraction. 
 

4.3.5 DNA extraction 
 
Extractions were carried out using a CTAB extraction protocol. 800 µl of DNA 
extraction buffer (1 mL CTAB, 0.04 g PVP and 5 µl 2-mercaptoethanol) was added to the 
pellets along with 0.3 grams of sterile 0.1 mm glass beads. Tubes were placed in a bead 
beater and shaken 3 times for 40 seconds. The tubes were then incubated at 60 °C for 2 
hours with vortexing every 30 minutes. An equal volume of chloroform:isoamyl alcohol 
was added and mixed by gentle inversion for 5 minutes. The samples were then 
centrifuged for 10 minutes at 16,000 g, and the aqueous phase was recovered and placed 
in a new 1.5 mL microcentrifuge tube. RNAse A (0.05 mg) was added to the solution and 
incubated at 37 °C for 15 minutes with gentle mixing. An equal volume of chloroform: 
isoamyl alcohol was added and mixed by gentle inversion of 5 minutes. The samples 
were then centrifuged for 10 minutes at 16,000 g, and the aqueous phase was recovered 
and placed in a new 1.5 mL microcentrifuge tube. DNA was precipitated overnight by 
adding 1/10 volumes of 3 M sodium acetate and 1 volume of cold isopropanol, mixed by 
gentle inversion and placed in a -20 °C freezer. The following morning, DNA samples 
were centrifuged at 16,000 g for 30 minutes at 4 °C and the supernatant was discarded, 
DNA pellets were washed by addition of 700 µl of 70% ethanol and gentle inversion, 
samples were centrifuged for 10 minutes at 16,000 g at 4° C, and the ethanol was 
removed. Tubes were inverted and allowed to air dry to remove any residual ethanol, air 
dried pellets were re-suspended in 30 µl DNA resuspension fluid (1.0 M Tris-HCL, 0.1 
M EDTA). 
 

4.3.6 PCR amplification, barcoding and sequencing 
 
A nested PCR approach was used to exclude chloroplast and mitochondrial DNA prior to 
sequencing. The first round of PCR was performed in a 25 µl reaction containing 5 µl of 
template DNA, 16.35 µl Molecular grade water (Invitrogen, Carlsbad, CA,USA), 2.5 µl 
of 10X complete reaction buffer (with MgCL2; Boca Scientific, Westwood, MA, USA), 
0.2 mM dNTPs (Fisher Scientific, Hampton, NH, USA), 0.003 µg Bovine Serum 
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Albumin (Fisher Scientific, Hampton, NH, USA), 0.4 µM 799F forward primer, 0.4 µM 
1492r reverse primer and 2.5 units DFS Taq (Boca Scientific, Westwood, MA, USA). 
The first round PCR had the following thermocycler protocol: an initial denaturation at 
95 °C for 5 minutes, followed by 30 cycles of 95 °C for 1 minutes, 55 °C for 40 seconds, 
72 °C for 40 seconds, concluded by a 10-minute final extension at 72 °C. Gel 
electrophoresis was performed on the PCR products to verify amplification and extract 
the bacterial band (~750bp). Gel extractions were carried out by running a 2% (w/v) 
agarose gel for two hours at 80 volts. Bands were excised using a sterile scalpel. The 
PCR products were extracted from the gel slices using GenCatch gel extraction kits 
(Epoch Life Science Inc., Missouri City, TX, USA) according to the manufacturer’s 
protocol. The samples were split into two groups for barcoding and sequencing. The 
second round of PCR was performed in a 50 µl reaction containing 3 µl of purified PCR1 
product, 35.7 µl molecular grade water, 5  µl of 10X complete reaction buffer (with 
MgCL2), 0.2 mM dNTPs, 0.003 µg Bovine Serum Albumin, 0.4 µM 799F barcoded 
forward primer, 0.4 µM barcoded 1193r reverse primer and 5 units DFS Taq. The second 
round PCR had the following thermocycler protocol: an initial denaturation at 95 °C for 5 
minutes, followed by 30 cycles of 95°C for 1 minute, 58 °C for 40 seconds, 72°C for 40 
seconds, concluded by a 10-minute final extension at 72°C. PCR products were cleaned 
using Monarch PCR and DNA clean-up kits (New England BioLabs Inc. Ipswich, MA, 
USA) according to the manufacturer’s instructions using 20 µl to elute the DNA. Cleaned 
barcoded PCR products were quantified using the Qubit dsDNA high sensitivity kit 
(Thermo Fisher Scientific, Waltham, MA, USA). Equal molar concentrations of each 
sample were combined, and the pools were sent to the University of California, Davis 
sequencing facility for sequencing on the Illumina MiSeq and the University of 
California, Berkeley sequencing facility for sequencing on the Illumina HiSeq 2500 with 
a paired end 250 protocol. Sequences were deposited in the NCBI SRA database under 
bioproject PRJNA497738. 
 
 

4.3.7 Data processing 
 
Reads were imported into QIIME2 (v 2018.6; Caporaso et al. 2010). Sequences were then 
used to assign sequence variants using dada2 (Callahan et al. 2016) as implemented in 
QIIME2. Pools from MiSeq and HiSeq sequencing runs were combined. Taxonomy was 
assigned to the sequence variants using a naïve Bayesian classifier trained on the SILVA 
118 database (Pruesse et al. 2007). Sequence variants identified as chloroplast, 
mitochondria or unassigned were removed from the further analysis. Sequence variants 
found in the negative controls were filtered from the dataset. The representative 
sequences for each sequence variant were aligned using MAFFT and filtered using 
MASK both implemented in QIIME2. A phylogenetic tree was created using RAxML 
(Stamatakis 2014) from the alignment previously mentioned. Any samples containing 
less than 500 sequences after filtering were removed from the dataset with 664 samples 
remaining (Table 4-1). The resulting sequence variant table, tree, mapping file and 
taxonomy file were imported into Phyloseq (version 1.22.3; McMurdie and Holmes 
2013) in R (version 3.4.4; R Core Team 2018) for further analysis.  
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4.3.8 Data analysis 
 
Alpha diversity was measured using the Shannon diversity index. Statistical significance 
of alpha diversity measurements for young and old needles was assessed using the 
Wilcoxon test with Benjamin Hochberg corrections implemented in the package ggpubr 
(v. 0.1.6.999; Kassambara 2017). Sequence counts were transformed using cumulative 
sum normalization in the MetagenomeSeq package (v. 1.20.1; Paulson et al. 2016) to 
account for differences in sequencing depth.  Beta diversity was measured by creating a 
distance matrix on transformed sequence counts using weighted UniFrac distances 
(Lozupone and Knight 2005), which is a phylogenetic distance metric that takes into 
account sequence variant abundances. To test if location, plant compartment, host species 
and needle age structured the bacterial communities, a PERMANOVA test (alpha=0.05) 
was performed via the adonis function vegan (v.2.5-1; Oksanen et al. 2017) package on 
the weighted UniFrac distances. Since needle retention time varies with species, each 
species was analyzed independently to determine the effect of plant compartment and 
needle age on the bacterial community. Associations of specific sequence variants and 
bacterial families with needle age, host species or plant compartment was assessed using 
indicator species analysis (indicspecies v. 1.7.6.). Indicator species analysis was 
conducted using the relative abundances of the sequence variants and bacterial families 
with 5000 permutations (De Caceres and Legendre 2009).  Sequence variants from the 
indicator species analysis were used to BLAST (Altschul et al. 1990) against the nr/nt 
database. To test for selection of specific bacterial families, we built mixed-effect linear 
models using the z-score transformed relative abundances of the “core” bacterial families 
(presence in >50% of samples). The linear models were used to test for bacterial families 
with specific interactions to location, plant compartment, age and host species. Mixed-
effect linear models were built using the lme4 package (v.1.1-18-1; Bates et al. 2015) 
with samples as a random effect (n=224). All figures were created using ggplot2 (v 
3.0.0;Wickham 2009) in R with some labels modified using Graphic for mac (v 3.1). 
 

4.4 Results  
 
Needle age was a significant factor (r2=0.0209, p=0.001) in the structure of the overall 
bacterial community although it explained less of the variation than did location 
(r2=0.1877, p=0.001), plant compartment (r2=0.0285, p=0.001) and host species 
(r2=0.0269, p=0.001). Needle age structured the bacterial community more strongly in the 
endosphere community than the phyllosphere community (r2=0.0375, p=0.001; 
r2=0.0193, p=0.001 respectively). The amount of variation explained by needle age 
differed with host species; needle age explained the least amount of variation in P. flexilis 
(r2=0.0208), and the greatest amount of variation in P. longaeva (r2=0.1307; Table 4-2, 
Figure 4-2). When examining plant compartments individually in P. longaeva, needle age 
explained a larger amount of variation in the endosphere communities (r2=0.2245) than in 
the phyllosphere communities (r2=0.1425). When examining all species together, location 
explained more of the variation in old phyllosphere communities (r2=0.3571) compared 
to young phyllosphere communities, with host species explaining about the same amount 
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of variation (r2=0.0269 in old vs r2=0.0278 in young). Location explained more of the 
variation in young endosphere communities (r2=0.3654), than in old (r2=0.2755), while 
host species explained more of the variation in older than younger endosphere 
communities (r2=0.0530 vs r2=0.0334).Alpha diversity did not significantly differ 
between young and old needles in the phyllosphere or endosphere (p=0.209 and p=0.589 
respectively) or when examining host species individually (Figure 4-3).  
 
Overall, the bacterial communities were dominated by Proteobacteria (82.4%), followed 
by Firmicutes (5.9%), Actinobacteria (5.2%), Acidobacteria (3.0%) and Bacteriodetes 
(2.8%). Within Proteobacteria, the class Alphaproteobacteria was dominant (45.2%), 
followed by Betaproteobacteria (17.8%) and Gammaproteobacteria (16.8%). The relative 
abundance of Bacilli was higher in the phyllosphere than endosphere (5.8% and 1.9%, 
respectively) and so was the relative abundance of Gammaproteobacteria (20.2% and 
17.6%, respectively). The relative abundance of Betaproteobacteria was higher in the 
endosphere than in the phyllosphere (24.4% and 17% respectively), and the same was 
observed for Flavobacteriia (3.9% in the endosphere and 1.3% in the phyllosphere). The 
relative abundance of Alphaproteobacteria was high in both phyllosphere and endosphere 
samples (42.6% and 42.1%, respectively). At the family level, communities in both 
compartments consisted primarily of Acetobacteraceae (37.4% and 28.8% in 
phyllosphere and endosphere respectively) but the endosphere had higher amounts of 
Rhodobacteraceae (4.9%, 1.7%, respectively) and Caulobacteraceae (3.4%, 1.3%, 
respectively). There was extensive overlap in sequence variants between phyllosphere 
and endosphere for all samples (Figure 4-4). In general, older needles had larger relative 
abundance of Alphaproteobacteria then younger needles (52.1%, 38.3%, respectively). 
Younger needles had greater amounts of Betaproteobacteria and Gammaproteobacteria 
than older needles (20.8%,14.9% and 21.1%, 12.5%, respectively). At the family level, 
Acetobacteraceae (34.5%; Alphaproteobacteria) was dominant followed by 
Comamonadaceae (10.6%; Betaproteobacteria) and Enterobacteriaceae (10.5%; 
Gammaproteobacteria), although these values varied based on plant compartment, needle 
age and host species (Figure 4-5).  
 
Indicator species analysis at the family level showed a strong association of 
Acetobacteraceae with old needles (stat=0.760, p=0.0002) and Comamonadaceae 
(stat=0.709, p=0.0012), Enterobacteriaceae (stat=0.644, p=0.0238), Sphingomonadaceae 
(stat=0.644, p=0.0018), Pseudomonadaceae (stat=0.635 p=0.0004), Oxalobacteraceae 
(stat=0.618, p=0.0134) with young needles. When plant compartment was factored in, 
Acetobacteraceae associated with the phyllosphere of old needles (stat=0.580, p=0.002), 
while Enterobacteriaceae associated with the phyllosphere of young needles (stat=0.503, 
p=0.0150).  Comamonadaceae had the strongest association with young endosphere 
samples (stat=0.592, =0.002), while no statistically significant association was found 
with old endosphere samples.  
 
Considering needle age had the strongest effect on the bacterial community of P. 
longaeva, indicator species analysis was conducted separately on P. longaeva samples to 
explore both needle age and the interaction between needle age and plant compartment. 
Overall for P. longaeva, older samples had a strong association with the family 
Acetobacteraceae while younger samples had strong associations with multiple families 
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(Table 4-3). Interestingly, when examining the interaction between needle age and plant 
compartment, all families associated with the phyllosphere of old needles 
(Peptostreptococcaceae, Paenibacillaceae, Bacillaceae, Thermoactinomycetaceae, and 
Planococcaceae) belonged to the phylum Firmicutes, and primarily to the class Bacilli. 
Young tissue phyllosphere samples were primarily associated with bacteria from the class 
Alphaproteobacteria and the phylum Actinobacteria (Table 4-4). The older endosphere 
communities were still strongly associated with the family Acetobacteraceae but also 
with the family Streptococcaceae. Young endosphere samples had strong associations 
with multiple families from diverse phyla and classes (Table 4-4). 
 
Indicator species analysis of sequence variants in Pinus longaeva were analyzed.  
Sequence variants significantly associated from older endospheres were  99% similar to a 
bacterial strain from an unpublished study on decaying pine wood and 98% similar to a 
strain isolated from arctic lichen (Lee et al. 2014). Sequence variants with strong 
association to old phyllosphere samples were identified as genetically similar to soil 
microbes using blast, while sequence variants from young tissues were identified as 
similar to soil, plant and biofilm microbes (Table 4-5).  
 
Linear modelling of core families showed results that were similar to the indicator 
species analysis. The family Acetobacteraceae was enriched in phyllosphere samples, old 
needles, and in P. longaeva (Table 4-6). The families Caulobacteraceae, 
Comamonadaceae, Propionibacteriaceae and Rhodobacteraceae were all significantly 
enriched in endosphere samples relative to phyllosphere samples (Table 4-6). The family 
Comamonadaceae was also enriched in young samples relative to older samples (Table 4-
6). P. longaeva had a negative correlation with Acetobacteraceae when age was an 
interacting factor, indicating that the difference between old and young needles in P. 
longaeva was greater than in P. contorta (Figure 4-6). P. flexilis was positively correlated 
with Oxalobacteraceae when age was an interacting factor, indicating a larger relative 
abundance of the group within young needles relative to old needles (Figure 4-6).  
 

4.5 Discussion 
 
Our data support the hypothesis that needle longevity is an important factor in shaping 
the foliar microbiome of pines. The variance explained by needle age, host species, and 
compartment were all small relative to the importance of geographic site, suggesting that 
abiotic factors like climate are the most important drivers of variation in conifer foliar 
communities. However, needle age was a significant factor in structuring both 
phyllosphere and endosphere communities. Phyllosphere community selection by host 
species (Redford et al. 2010; Lambais et al. 2014; Laforest-Lapointe et al. 2016a) and 
position within the canopy (Laforest-Lapointe et al. 2016b) have been previously 
documented, however, this is the first study to show variation in phyllosphere 
communities within a single twig. 
 
Overall, the endosphere communities were dominated by Alphaproteobacteria as 
previously reported (Carrell and Frank 2014; Carrell et al. 2016; Moyes et al. 2016), 
although the relative abundance of the family Acetobacteraceae was lower and more 
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variable than previously seen. Additionally, older tissues contained a larger proportion of 
Acetobacteraceae, consistent with previous studies where it was shown to dominate 
conifer tissues (Carrell and Frank 2014; Carrell et al. 2016; Moyes et al. 2016), 
suggesting previous studies primarily examined older needle tissues. Indicator species 
analysis at the family level showed a strong association of Acetobacteraceae with old 
needles. Importantly, needle age had the strongest effect in the endosphere samples of the 
long-lived P. longaeva, which can hold its needles up to 45 years (Ewers and Schmid 
1981). The endosphere from old needle samples in P. longaeva had the highest relative 
abundance of the potentially nitrogen-fixing Acetobacteraceae (Carrell and Frank 2014; 
Carrell et al. 2016; Moyes et al. 2016), and the tendency of this group of bacteria to be 
associated with the endosphere of old P. longaeva needles was supported by linear 
models of the relationship between the abundance of bacteria families and the various 
drivers examined. These results suggest that the previously observed dominance of 
Acetobacteraceae in needle endophyte communities is a result of host selection of these 
taxa over time. One possibility, if these taxa are responsible for nitrogen fixation, is that 
their enrichment in older needles is a result of host recruitment to increase nitrogen 
availability. Host selection of microbial communities has been suggested previously 
(Hartmann et al. 2009; Marasco et al. 2012), and can be prompted by deficiencies in the 
host (Siciliano et al. 2001; Castrillo et al. 2017). It is also possible that host filtering of 
these taxa over the long lifespan of individual needles, without active recruitment, could 
explain the increasing dominance of Acerobacteracae in the P. longaeva endosphere. 
Alternatively, the enrichment of specific lineages over time could reflect their success in 
surviving in the endosphere environment. Two sequence variants in the family 
Acetobacteraceae were significantly associated with old P. longaeva needles. It has been 
suggested that such phylogenetic clustering could indicate the importance of habitat 
filtering as a result of shared traits that allow them to persist in a given environment 
(Horner-Devine and Bohannan 2006). 
 
Our results do not suggest that the processes responsible for selecting taxa in conifer 
needles over time lead to an increased diversity of bacteria in older conifer tissue. This 
result is contrary to previous reports on fungal communities in other tree species where 
diversity increased over time (Wang and Guo 2007; Guo et al. 2008; Leff et al. 2015). 
However, the pattern observed here is similar to what was observed when comparing 
bacterial communities in seedling and adult needles in P. flexilis, where seedlings had 
more diverse endophyte communities than adults (Carper et al. 2018).  
 
We found that younger needle tissues contained larger proportions of Betaproteobacteria, 
similar to needle tissues of P. flexilis seedlings (Carper et al. 2018). Indicator species 
analysis at the family and sequence variant level demonstrated enrichment of several taxa 
in young needles, including potential nitrogen fixers such as Beijerinckiaceae and 
Methylobacteriaceae, and bacteria with potential growth promoting ability (e.g., 
Comamonadaceae, found to stimulate leaf growth in Arabidopsis thaliana; Chen et al. 
2013). Host factors such as leaf chemistry, epicuticular wax composition, and stomatal 
pore size could account for the differences observed between young and old needles. 
Alternatively, the host could be actively recruiting a specific community to young 
needles to support host function, such as nitrogen acquisition or protection against 
disease.  
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In our study, location was the most important driver of variation in both phyllosphere and 
endosphere samples, suggesting that abiotic factors and dispersal history are more 
important than host species factors in shaping the communities. Previous studies have 
reported similarity between communities on plant surfaces and bacteria found in aerial 
dust (Kellogg and Griffin 2006; Peter et al. 2014) and rain (Peter et al. 2014; Zhu et al. 
2018), suggesting atmospheric deposition as an important source of phyllosphere 
community members. Dominant sequence variants in our phyllosphere communities were 
similar to clones from soil, dust and rain samples (Kellogg and Griffin 2006; Peter et al. 
2014), suggesting that dispersal of needle phyllosphere communities occurs through the 
atmosphere.  
 
The dominant sequence variant within the endosphere, belonging to the 
Acetobacteraceae, was also present in the phyllosphere, and is 99% similar to a bacterial 
clone from an air monitor in Colorado (Bowers et al. 2009). Acetobacteraceae have been 
shown to survive and be active in the atmosphere (Klein et al. 2016). Notably, this 
sequence variant was present in high abundance across geographic locations. Together, 
these results suggest that bacteria from a similar metacommunity colonize needles across 
the large geographic distances, and that they are dispersed via air, rain, or dust. This is 
consistent with the result that location explains more of the variation in phyllosphere 
communities with needle age. There was extensive overlap in the endosphere and 
phyllosphere sequence variants suggesting that phyllosphere bacteria enter the needles to 
become endophytes. Consistent with this idea, host factors become more important with 
needle age, as the variation explained by host species identity on the endophyte 
community is higher in older than younger needles. Firmicutes were enriched in old 
phyllosphere samples, which may suggest that they are successful colonizers of the harsh 
and exposed plant surface environments, or alternatively, filtered out —or not selected—
by the host tree.  
	
In this study, we examine for the first time the effects of needle age in Pinus species on 
the host associated bacterial communities. Our study is also the first to describe foliar 
bacterial communities in long-lived P. longaeva (bristlecone pine).  Our key findings are: 
(1) Foliar bacterial communities, both endosphere and phyllosphere communities, are 
structured by needle age; (2) Needle age had the strongest effect in long-lived Pinus 
longaeva needles; (3) P. longaeva strongly and consistently associated with the bacterial 
family Acetobacteraceae indicating microbial selection of this group of bacteria on the 
part of the host.  
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4.7 Tables 
 
Table 4–1 The number of samples for each Pinus species and plant 
compartment after sequence filtering and the needle retention times for each 
species 

Host Species 
Needle Retention 

times (years)a Phyllosphere samples Endosphere samples 
Pinus flexilis 5-6 289 167 

Pinus contorta 2-11 78 47 
Pinus ponderosa 2-9 38 15 
Pinus longaeva 10-45 19 11 

a Retention times as recorded in Ewers and Schmid (1981) 
 
 
 
 
 
 
Table 4–2 Adonis values testing for the effect of needle age, plant 
compartment and location for each Pinus species when appropriate 

 R2 P-Value 
Pinus longaeva (n=30) 
Needle Age 0.1306 0.001 
Compartment 0.1728 0.001 
Pinus contorta (n=125) 
Needle Age 0.0338 0.001 
Site Location 0.1202 0.001 
Compartment 0.0625 0.001 
Pinus ponderosa (n=53) 
Needle Age 0.0280 0.095 
Site Location 0.1435 0.001 
Compartment 0.0199 0.255 
Pinus flexilis (n=456) 
Needle Age 0.0208 0.001 
Site Location 0.2442 0.001 
Compartment 0.0293 0.001 
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Table 4–3 Indicator species analysis results for Pinus longaeva at the bacterial family level for needle age  

Needle 
Age Tissue Type Bacterial Phylum Bacterial Class Bacterial Family Stat P-value 
Old Both Proteobacteria Alphaproteobacteria Acetobacteraceae 0.855 0.0084 

Young Both Proteobacteria Alphaproteobacteria Caulobacteraceae 0.859 0.0014 
Young Both Proteobacteria Alphaproteobacteria Rhodobacteraceae 0.849 0.0118 
Young Both Proteobacteria Betaproteobacteria Comamonadaceae 0.847 0.0284 
Young Both Proteobacteria Alphaproteobacteria Sphingomonadaceae 0.804 0.022 
Young Both Proteobacteria Alphaproteobacteria Methylobacteriaceae 0.761 0.0364 
Young Both Bacteroidetes Flavobacteriia Flavobacteriaceae 0.731 0.0144 
Young Both Proteobacteria Alphaproteobacteria Anaplasmataceae 0.632 0.0162 
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Table 4–4 Indicator species analysis results for Pinus longaeva at the bacterial family level for the interaction of 
needle age and plant compartment 

Needle 
Age Tissue Type Bacterial Phylum Bacterial Class Bacterial Family Stat P-value 
Old Phyllosphere Firmicutes Clostridia Peptostreptococcaceae 0.776 0.0118 
Old Phyllosphere Firmicutes Bacilli Paenibacillaceae 0.771 0.0096 
Old Phyllosphere Firmicutes Bacilli Bacillaceae 0.745 0.0168 
Old Phyllosphere Firmicutes Bacilli Thermoactinomycetaceae 0.722 0.0168 
Old Phyllosphere Firmicutes Bacilli Planococcaceae 0.679 0.0276 

Young Phyllosphere Proteobacteria Alphaproteobacteria Rhodobacteraceae 0.767 0.0176 
Young Phyllosphere Actinobacteria Actinobacteria Geodermatophilaceae 0.721 0.022 
Young Phyllosphere Proteobacteria Alphaproteobacteria Anaplasmataceae 0.702 0.0198 
Young Phyllosphere Actinobacteria Acidmicorbiia Acidimicrobiaceae 0.632 0.033 

Old Endosphere Proteobacteria Alphaproteobacteria Acetobacteraceae 0.674 0.0248 
Young Endosphere Proteobacteria Betaproteobacteria Comamonadaceae 0.772 0.0082 
Young Endosphere Proteobacteria Alphaproteobacteria Caulobacteraceae 0.768 0.0166 
Young Endosphere Bacteroidetes Flavobacteriia Flavobacteriaceae 0.737 0.0196 
Young Endosphere Proteobacteria Alphaproteobacteria Beijerinckiaceae 0.674 0.0388 
Young Endosphere Firmicutes Bacilli Aerococcaceae 0.632 0.0246 
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Table 4–5 NCBI nr/nt matches for sequence variants associated with Pinus 
longaeva identified through indicator species analysis 

Association Stat 
P-

value 
Percent 

ID 

NCBI 
Accession 
Number Isolation Source Bacterial Family 

Old 
Phyllosphere 

0.69 0.0156 100% MH910150.1 Paddy Soil Bacillaceae 

0.577 0.0496 100% LC315731.1 High temperature 
compost Bacillaceae 

Young 
Phyllosphere 0.628 0.0432 95% KX022256.1 Tyrophagus 

putrescentiae mite Anaplasmataceae 

Old 
Endosphere 

0.698 0.0418 99% KY907742.1 Decaying pine wood Acetobacteraceae 
0.661 0.0262 98% FM873441.1 Dust Acetobacteraceae 

Young 
Endosphere 

0.834 0.0142 100% MH588160.1 
Dichloronitrobenzene-

contaminated soil, 
groundwater, and 

wastewater samples 
Comamonadaceae 

0.739 0.018 100% MG276142.1 leaf, root, soil, 
Senecio vulgaris Comamonadaceae 

0.739 0.0392 100% MH973165.1 Frog Skin Enterobacteriaceae 
0.702 0.0232 100% MH698912.1 Soil Comamonadaceae 
0.673 0.022 100% JF814763.1 Usnea sp. Beijerinckiaceae 
0.655 0.0452 100% MH845579.1 Biofilm Flavobacteriaceae 
0.632 0.022 98% HE583175.1 MEC biocathode Pseudomonadaceae 
0.592 0.0356 100% MH427201.1 Pleurotus ostreatus Comamonadaceae 
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Table 4–6 Linear modeling results for the “core” bacterial families for the plant compartment, age, host species 
and the interaction between age and host species 

Bacterial Family 

Plant 
Compartment 
(Phyllosphere) 

Age 
(Old) 

Host Species (PICO)  Age:Host Species Interaction 

R2 totala PIFL PILO PIPO 
 

PIFL PILO PIPO 
Acetobacteraceae -0.50*** -0.50*** NS 1.29*** NS  NS -0.68* NS 0.51 
Burkholderiaceae NS NS 0.54** NS NS  NS NS NS 0.37 
Caulobacteraceae 0.55*** NS NS NS NS  NS NS NS 0.19 
Comamonadaceae 0.43*** 0.30* -0.34* -1.84*** NS  NS NS NS 0.29 
Enterobacteriaceae NS NS NS -0.86* NS  NS NS NS 0.38 
Oxalobacteraceae NS NS NS NS NS  0.35* NS NS 0.42 

Propionibacteriaceae 0.48*** NS NS NS NS  NS NS NS 0.27 
Pseudomonadaceae NS NS NS NS NS  NS NS NS 0.4 
Rhodobacteraceae 0.58*** NS NS NS NS  NS NS NS 0.26 

Sphingomonadaceae NS NS NS NS NS  NS NS NS 0.13 
NS nonsignificant; *** p < 0.001; ** p < 0.01; * p < 0.05. aTotal includes Site location in the model data not shown. Values shown are 
standard deviations away from the mean. Words in parentheses shows the reference group that values are relative to. PIFL=Pinus flexilis, 
PILO= Pinus longaeva, PIPO=Pinus ponderosa, PICO= Pinus contorta.     
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4.8 Figures 
 

 
Figure 4-1 Map showing the range of limber pine (in green) with sampling 
sites marked (A) and the species that were collected at each site (B). The 
numbers for the sites on the map (A) correspond to the same numbers on the 
species collections (B). Black squares indicate that species was collected at 
the site.  
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Figure 4-2 PcoA of weighted UniFrac distances for each host species 
separated by plant compartment. Each point is a sample containing the entire 
bacterial community, points closer together indicate that those samples are 
more similar. Colors represent needle age; young (blue) and old (pink) 
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Figure 4-3 Boxplots of Shannon diversity index values for each species, 
plant compartment and age. Comparisons shown are the result of Wilcoxon 
testing with Benjamin-Hochberg correction for multiple testing (ns= not 
significant). The box runs from the first to third quartile.  The whiskers 
extend from the box to either the lowest or highest value, if within 1.5* the 
interquartile range. Data beyond the end of the whiskers are plotted 
individually. 
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Figure 4-4 Heatmap of the top 50 sequence variants separated by host species, plant compartment and needle 
age. Each column is a single sample.
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Figure 4-5 Bar plot of the average relative abundances of bacterial families with at least 5% in samples. Each 
bar is the average of all the samples classified to that host species, plant compartment and needles age. The 
legend contains all the bacterial families within the plot, the all uppercase name preceding the families is the 
bacterial class to which the families belong. 
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Figure 4-6 Boxplot of relative abundances for bacterial families with 
significant differences determined from the age: host species linear model 
interaction (Table 4-5). * indicates a significant difference. The box runs 
from the first to third quartile.  The whiskers extend from the box to either 
the lowest or highest value, if within 1.5* the interquartile range. Data 
beyond the end of the whiskers are plotted individually 
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5 Site-specific abiotic factors drive the structure 
of foliar microbial communities in subalpine 
conifers across the native range of Pinus flexilis 

 

5.1 Abstract 
 
Plant microbial communities can provide many essential benefits to their host organism. 
These microbial communities can be structured by host species, plant compartment, 
environmental factors and geographic location. Previous work on conifers has shown a 
consistent endophytic community dominated by the potentially nitrogen-fixing 
Acetobacteraceae, with identical strains dominating across geographic locations. 
However, these studies were limited in number of sites and host species examined to 
identify the main drivers of variation in the foliar communities. Though several studies 
on the plant microbiome have identified site as an important driver, few studies have 
been extensive enough to test if bacterial communities are structured by geography or 
site-specific abiotic factors. Our present study examines the phyllosphere (surface) and 
endosphere (interior) bacterial communities of Pinus flexilis and co-occurring conifer 
species across 15 sites in its native range. We use 16S rRNA sequencing to assess the 
effect of geographic site, host species, plant compartment and environmental variables on 
bacterial communities. We found site to be the strongest driver of bacterial diversity in 
both compartments. However, the influence of site was not due to geographic distance of 
trees, suggesting dispersal of foliar communities is not dispersal limited. Part of the 
variation explained by site was due to environmental variables; specifically, recent 
precipitation events explained the greatest amount of variation. Recent precipitation 
events could alter the community possibly through deposition of new taxa on leaf 
surfaces or the removal of bacterial taxa that were already present or a combination of 
both. Host species explained a small amount of variation in the bacterial communities, 
although it had a greater effect on endosphere communities than phyllosphere 
communities. There was extensive overlap in bacterial communities between plant 
compartment suggesting that endophytes colonize the interior of needles from the needle 
surface. Our results suggest that dispersal limitation is not a factor affecting foliar 
communities; instead, communities are dependent on a combination of environmental 
heterogeneity, time and stochastic factors 
 

5.2 Introduction 
 
Microbiomes can provide many beneficial functions to their host organism. In plants, the 
microbiome can function in acquisition of nutrients (Estrada et al. 2002; Oteino et al. 
2015; Doty et al. 2016; Moyes et al. 2016), protection against pathogens (Arnold et al. 
2003; Stinson et al. 2003; Dudenhöffer et al. 2016) and alleviate abiotic stress 
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(Marulanda et al. 2009; Lucas et al. 2014; Gond et al. 2015; Rolli et al. 2015). However, 
the microbiome is dynamic and can respond to change (Lau and Lennon 2012). Recent 
evidence suggests shifts in microbial communities associated with plants due to drought 
(Marasco et al. 2012; Rolli et al. 2015; Santos-Medellín et al. 2017) and soil 
contamination (Siciliano et al. 2001). The change in microbial communities can be the 
result of active recruitment by secretion of phytochemicals by the host organism to 
modulate specific needs (Lebels et al. 2015; Castrillo et al. 2017). Although, patterns in 
microbial diversity can also be the result of dispersal patterns of specific microbial 
community members. Additionally, the change in microbial communities could be the 
result of microbial response to environmental change independent of the host organism or 
a combination of both (Siciliano et al. 2001). However, our understanding of the drivers 
of microbial community structure is incomplete, especially in forest trees. 
 
Recent research suggests that different plant compartments (e.g., phyllosphere, 
endosphere) contain distinct microbial communities (Bodenhausen et al. 2013; Leff et al. 
2015; Coleman-Derr et al. 2016; Carper et al. 2018), although overlap of communities 
has been noted (Bai et al. 2015; Haruna et al. 2018). This has led to most studies 
examining individual plant compartments when examining drivers of microbial 
community diversity. Microbial communities associated with the phyllosphere (outer 
surface of aerial tissues) has been found primarily structured by host species and site. A 
recent study in temperate angiosperm and gymnosperm tree species found that 47% of 
the variation in the phyllosphere was explained by host species alone (Laforest-Lapointe 
et al. 2016a). Interestingly, the association between host species and phyllosphere 
communities have been shown to vary in a phylogenetic pattern (Redford et al. 2010; 
Kembel et al. 2014), with distinct communities found in angiosperms and gymnosperms 
(Laforest-Lapointe et al. 2016b). Some studies have suggested a combination of host 
species and site as drivers of phyllosphere diversity (Whipps et al. 2008; Knief et al. 
2010; Laforest-Lapointe et al. 2016b). The impact of site on phyllosphere communities 
could be the result of geographic distance (if dispersal is limited), environmental factors 
(e.g., climate), or time and dispersal history (if dispersal is not limited). A recent study in 
soybeans showed that season was a more important factor than geographic distances 
between sites in driving phyllosphere community diversity (Copeland et al. 2015). 
Alternatively, studies in Arabidopsis thaliana, Medicago truncatula and species of 
Tamarax have shown that geographic distance between sites structuring phyllosphere 
communities (Knief et al. 2010; Finkel et al. 2011, 2012). When phyllosphere 
communities of the host species Magnolia grandiflora were examined across a small 
forest, a significant distance-decay relationship was identified where trees closer together 
had more similar communities than those further apart (Stone and Jackson 2016). 
Endosphere (within plant tissues) communities have also been found to be host plant 
specific. Work on root tissues of plants within a meadow, showed distinct bacterial 
communities associated with each host species (Aleklett et al. 2015). A study on 
endophytic communities of arctic plants has shown host specificity of bacterial 
community members and a potentially cold-adapted microbiome (Nissinen et al. 2012), 
and identity between subalpine conifer endophyte sequences and endophyte sequences 
from arctic plants suggest that bacteria from a similar metacommunity may 
colonize plants in cold biomes across the globe. 
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Similarly, to phyllosphere communities, site has been a factor in structuring endophytic 
communities, although environmental factors have been exclusively shown as the driver 
(Zimmerman and Vitousek 2012; Shen and Fulthorpe 2015; Ding and Melcher 2016; 
Campisano et al. 2017). The effect of site and geographic distance on phyllosphere and 
endopshere communities likely depends on dispersal mode (e.g., seed, soil, or 
atmosphere) and dispersal barriers, both of which are likely to differ between roots and 
leaves, and between herbaceous plants and trees. 
 
Previous work on subalpine conifers has shown the presence of a core endophytic 
bacterial community consisting of the family Acetobacteraceae (Carrell and Frank 2014; 
Carrell et al. 2016; Moyes et al. 2016), and active nitrogenase activity within the needles 
of Pinus flexilis possibly performed by the core Acetobacteraceae community (Moyes et 
al. 2016). Although the same OTUs were found to dominate needle communities across 
species and sites, location and elevation slightly influenced the bacterial community in 
subalpine conifers (Carrell and Frank 2014; Carrell et al. 2016). Interestingly, no overall 
influence of host species was identified when P. flexilis and Picea engelmannii were 
compared (Carrell and Frank 2014; Carrell et al. 2016), although at a single elevation 
(subalpine forest) host species was significant in structuring the communities (Carrell and 
Frank 2014). However intriguing these results are, these studies examined the endophytic 
bacterial communities of three closely related species (P. flexilis, Pinus contorta and P. 
engelmannii) at two locations (California and Colorado), and likely did not caption the 
full variation in the bacterial communities. To our knowledge, no study has examined 
both phyllosphere and endosphere communities together to examine effects of host 
species and site in the foliar communities of forest trees, and no study has examined the 
drivers of variation in the foliar microbiome across a species’ native distribution. 
 
Our present study examines the phyllosphere and endosphere bacterial communities of 
the subalpine P. flexilis and co-occurring conifer species across 15 sites in its native 
range. Our study broadly tests the effect of site, host species and plant compartment on 
the structure of foliar bacterial communities. Based on previous results from other 
research groups, we anticipated plant compartment to be the strongest driver of bacterial 
communties. Our specific objectives here were to test the relative effect of host species 
identity, geographic location, and environmental factors on the phyllosphere and 
endosphere bacterial communities of subalpine conifers.   
 

5.3 Methods 
5.3.1 Sample collection 
 
Samples were collected from 15 sites across the native range of limber pine (Fig 5-1). At 
each site 10 limber pine trees were sampled along with 10 trees of two co-occurring 
conifer species, if available. For each tree, roughly 10 g of tissue (twig with needles) was 
cut at breast height using sterile razor blades and place into sterile bags. Tissue samples 
were placed on ice and shipped overnight to the University of California, Merced. GPS 
coordinates and elevation were recorded for each site (Table 5-1). Climate data including 
the average temperature for the month collected, total precipitation for the month, the 
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temperature for the day collected and day before, the amount of precipitation for the day 
collected and the day before and days since last precipitation were collected from the 
National Oceanic and Atmosphere Administration (https://www.ncdc.noaa.gov/). 

5.3.2 Sample preparation and sequencing 
 
Sample sterilization, processing of endosphere and phyllosphere samples, and DNA 
amplification were carried out as described in the methods of Chapter 4 of this 
dissertation. Equal molar concentrations of each sample were combined, and the pools 
were sent to the University of California, Davis sequencing facility for sequencing on the 
Illumina MiSeq and the University of California, Berkeley sequencing facility for 
sequencing on the Illumina HiSeq 2500 with a paired end 250 protocol. Sequences were 
deposited in the NCBI SRA database under bioproject PRJNA497738. 

5.3.3 Read processing 
 
Reads from each pool were imported into Qiime2 (v. 2018.6; Caporaso et al. 2010). The 
demultiplexed reads were used to assign sequence variants using dada2 (Callahan et al. 
2016) implemented in Qiime2. All sequences from multiple sequence runs were 
combined. Taxonomy was assigned to the sequence variants using a naïve Bayesian 
classifier trained on the SILVA 118 database (Pruesse et al. 2007). Sequence variants 
identified as chloroplast and mitochondria were removed from the further analysis. Any 
sequence variants found in the negative controls were filtered from the dataset. The 
representative sequences for each sequence variant were aligned using MAFFT and 
filtered using MASK both implemented in qiime2. A phylogenetic tree was created using 
RAxML (Stamatakis 2014) from the previously created alignment. Any samples 
containing less than 500 sequences after filtering were removed from the dataset with 949 
samples remaining. The resulting sequence variant table, tree, mapping file and taxonomy 
were imported into Phyloseq (v.1.22.3; McMurdie and Holmes 2013) in R (v.3.4.4; R 
Core Team 2018) for further analysis. 

5.3.4 Alpha diversity and beta diversity measures 
 
Alpha diversity was assessed using Shannon diversity index for all samples. To 
determine if Alpha diversity varied between host species, site and plant compartment, a 
Wilcoxon test was performed with a Benjamin-Hochberg correction for multiple testing 
carried out in ggpubr (v0.1.6.999; Kassambara 2017). Sequence counts were transformed 
using cumulative sum normalization in the MetagenomeSeq package (v. 1.20.1; Paulson 
et al. 2016) to account for differences in sequencing depth.  Beta diversity was measured 
by creating distance matrix on transformed sequence counts using weighted UniFrac 
distances (Lozupone and Knight 2005), which is a phylogenetic measurement of 
community similarity that takes into account sequence variant abundances. To test for 
structuring of bacterial communities due to all categorical and environmental variables an 
Adonis was performed using the vegan (v.2.5-1; Oksanen et al. 2017) package on the 
weighted UniFrac distances with 10,000 permutations.  
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5.3.5 Analysis of distance decay relationship  
 
We used a Mantel test with 10,000 permutations to examine the influence of geographic 
distance or environmental variables on bacterial community composition. We also 
conducted partial mantel tests with 10,000 permutations to examine the influence of 
geographical distance on bacterial community composition factoring in variation due to 
environmental variables and influence of environmental variables factoring in variation 
due to geographic location. For the Mantel and partial Mantel tests, we constructed a 
matrix of environmental distances from the abiotic factors identified as most important to 
community composition, using BIO-ENV, as previously described (Horner-Devine et al. 
2004; Fierer and Jackson 2006). The BIO-ENV procedure selects a subset of available 
abiotic variables to maximize rank correlation between community similarity and abiotic 
dissimilarity matrices. Pairwise geographic distances were calculated using Geographic 
Distance Matrix Generator (Ersts). We used log-transformed geographic distances 
following Martiny et al. (2011) and Hayden and Beman (2016) to remove any effect of 
skewing due to the large distances apart. Mantel tests, partial Mantel tests and Adonis 
tests were carried out using all data, endosphere, phyllosphere, and Pinus flexilis samples 
only because they were collected at every site.  

5.3.6 Associations of bacterial taxa with categorical and environmental variables  
 
To test for selection of specific bacterial families, we built mixed-effect linear models 
using the z-score transformed relative abundances of the “core” bacterial families 
(presence in >50% of samples). The linear models were used to test for bacterial families 
with specific interactions to location, plant compartment and host species. Mixed-effect 
linear models were built using the lme4 package (v.1.1-18-1; Bates et al. 2015) with 
samples being a random effect. To determine if there were correlations of the “core” 
families with environmental variables, Pearson correlations were calculated. Pearson 
correlations were calculated for the top 50 sequence variants with environmental 
variables. All figures were created using ggplot2 (v 3.0.0; Wickham 2009) in R with 
some labels modified using Graphic for mac (v 3.1) 

5.4 Results  
 
Site explained the greatest amount of variation (r2=0.1553, p=0.0001) followed by host 
species and plant compartment (Table 5-2). The interactions between site: host species 
(Table 5-2, Fig 5-2) and site: plant compartment explained greater amount of variation 
than host species and plant compartment individually (Table 5-2). The effect of site on 
the bacterial community could be the result of the geographic distance of the sites 
(distance-decay), environmental variables at individual sites or a combination of both. To 
test this, we conducted Mantel and partial Mantel tests. Geographic distance was not 
significantly correlated with community structure when testing with all samples (r=-
0.358, p=0.999) or with just Pinus flexilis (r=-0.054, p=0.999). Interestingly, part of the 
reason geographic location was not significant may be the result of the Niwot Ridge 
treeline site. Although it is close in distance to the other Colorado sites, and especially to 
the Niwot Ridge forest site, there was a distinct change in the dominant sequence variants 
at the Niwot Ridge treeline site compared to other sites in Colorado (Fig. 5-3). All of the 
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top sequence variants overall and at the Colorado sites were in the family 
Acetobacteraceae.  When the sequence variants that were dominant in the treeline site 
and those dominant in the other Colorado sites were tested for correlations with elevation, 
four had significant correlations with elevation (Fig. 5-4). Two of the sequence variants 
(Fig 5-4; 393f6ef167738d3a5d8111e230f74b64, 4e364744c1580acaade377bcdf3235f9) 
are different strains of Acetobacteraceae bacterium both identified from the decaying 
pine wood. 
 
BIO-ENV determined that the best subset of environmental variables was ‘days since 
precipitation’ and ‘amount of precipitation the day before sampling (in)’ for all samples 
(r =0.1386) and for Pinus flexilis only (r= 0.1196). Using the mantel test, there was a 
significant positive correlation between the environmental variables determined by BIO-
ENV (‘days since precipitation’ and ‘amount of precipitation the day before sampling 
(in)’) and the bacterial community matrix for all samples (r=0.1223, p=0.0001) and for 
Pinus flexilis only (r=0.0858, p=0.003). The results for environmental variables are 
unchanged when controlled for geographic location (all samples, r=0.1259, p=0.0001; 
Pinus flexilis, r=0.0901, p=0.003).  
 
Considering plant compartments can be under different selection (Bodenhausen et al. 
2013; Coleman-Derr et al. 2016; Beckers et al. 2017) and were significantly different 
from each other (Table 5-2; r= 0.0252, p=0.0001), we performed all the analyses on 
phyllosphere and endosphere separately. Site explained the most variation in both 
compartments, however it explained a greater amount of variation in phyllosphere 
samples (Table 5-3). Host species explained slightly more variation in endosphere 
samples and the interaction between site; host species explained a greater amount of 
variation in the endosphere as well (Table 5-3). Environmental variables (days since 
precipitation and amount of precipitation the day before sampling) were significantly 
correlated (Mantel test) with both endosphere and phyllosphere, however there was a 
stronger correlation in the phyllosphere community (Table 5-4). Neither endosphere or 
phyllosphere showed a correlation between bacterial community structure and geographic 
distance (Table 5-4). 
  
Core bacterial families on average made up 80% of the total bacterial communities in 
samples. Acetobacteraceae was the dominant family followed by Enterobacteraceae, 
Comamonadaceae and Burkholderiaceae (Fig. 5-5). Acetobacteraceae, 
Enterobacteraceae, and Sphingomonadaceae were all enriched in the phyllosphere, while 
Burkholderiaceae, Comamonadaceae, Caulobacteraceae, and Propionibacteriaceae were 
all enriched in the endosphere (Table- 5-5). Oxalobacteraceae was enriched at Big Horn 
National Forest, WY and Mt. Pinos, CA relative to all other sites (Table 5-5). 
Acetobacteraceae was enriched in Abies lasiocarpa and multiple sites but with the 
greatest enrichment at Rocky Mountain Biological Laboratory, CO (Table 5-5). Core 
bacterial families did not have strong any strong correlations with environmental 
variables measured (Fig 5-6). There were negative correlations between 
Acetobacteraceae and the amount of precipitation the day before sampling, and 
Pseudomonadaceae and elevation (Fig. 5-6A). Similarly, when only Pinus flexilis 
samples were examined there were negative correlations between Acetobacteraceae and 
the amount of precipitation the day before sampling, Pseudomonadaceae and elevation 
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but there was also a negative correlation between Enterobacteraceae and elevation (Fig. 
5-6B). Interestingly, when only examining Pinus flexilis samples, Comamonadaceae had 
a stronger positive correlation with elevation and Enterobacteraceae had a stronger 
positive correlation with the average temperature for the month sampled compared to 
analysis with all samples (Fig.5-6).   

5.5 Discussion 
 
We found that, although host species and plant compartment were significant drivers of 
bacterial communities in subalpine conifers, site was far more important in explaining the 
variation in bacterial community structure in both the endosphere and phyllosphere 
communities. However, this pattern was not driven by biogeography, as no correlation 
was found between geographical distance and community dissimilarity. This suggests 
that the barriers to dispersal of foliar bacteria are limited. Identical sequence variants 
were found across geographically distant sites and host species in this study, supporting 
widespread dispersal of generalist phyllosphere bacteria and endophytes. A lack of 
dispersal barriers could be the result of dispersal mechanisms. For example, aerial 
transport has been shown to distribute microbes across large geographic distances with 
little barriers (Womack et al. 2010; Smith et al. 2011; Mayol et al. 2017). Considering 
aerial deposition has been previously noted as a source of phyllosphere bacteria  (Beattie 
and Lindow 1999; Vacher et al. 2016), and because dominant phyllosphere and 
endosphere taxa show high sequence similarity to strains from air, dust, and rain, an 
atmospheric source of conifer phyllosphere communities is probable. Endophytic 
communities in our dataset displayed the same general patterns, and we found extensive 
overlap in the sequence variants between phyllosphere and endosphere communities. 
Endophytic communities of sugar maple were previously shown to be a subset of the 
epiphytic community (Wallace et al. 2018), suggesting a possible route of colonization of 
interior tissues from surfaces. Work on endophytic communities in conifers has 
previously suggested aerial deposition due to sequence similarity between endophytes 
and microbes found in air samples (Carrell et al. 2016; Moyes et al. 2016; Carper et al. 
2018). These results suggest that foliar microbes are aerially deposited onto needles 
surfaces where they can colonize the interior tissues, possibly through stomata. 
 
Considering site overall is important, and not due to geographic distance, the variation is 
likely due to local environmental factors. Other studies have also the reported the relative 
importance of site variation in the structuring of plant-associated microbial communities 
(Whipps et al. 2008; Knief et al. 2010). Interestingly, studies that have found community 
structure based on geographic distance have also pointed to site heterogeneity (including 
canopy cover, mean daily temperature and climate factors) as an important factor (Finkel 
et al. 2011; Stone and Jackson 2016). Among the environmental variables examined here, 
recent precipitation events had the strongest effect on community structure. Precipitation 
has been shown as important driver of fungal endophyte diversity across varying habitats 
(Zimmerman and Vitousek 2012; Lau et al. 2013). Bacterial communities associated with 
leaves of Agave showed enrichment of specific community members in dry seasons 
relative to rainy seasons (Coleman-Derr et al. 2016). Recently, bacterial communities of 
P. flexilis seedlings was shown to be drastically altered by increased experimental 
watering, especially in root tissues (Carper et al. 2018). In this study, precipitation had a 
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stronger effect on phyllosphere communities compared to endosphere communities, 
likely due to the phyllosphere being directly exposed to rain events. Rain has the 
potential to deposit new microbial members onto the surface of plants, altering 
community composition (Peter et al. 2014). Additionally, rain could act as a selective 
agent on the phyllosphere community. Our results showed a negative correlation between 
the bacterial family Acetobacteraceae, which had a greater association with the 
phyllosphere, and recent precipitation events. This result could be the result of rain 
having a positive effect on non-Acetobacteraceae community members, or 
Acetobacteraceae being more successful leaf colonizers during absence of rain. Work on 
Pseudomonas syringae showed increased growth on the leaves of bean plants triggered 
by rainfall, potentially out-competing other community members (Hirano et al. 1996). 
Alternatively, Acetobacteraceae that usually accumulate on the surface could be 
dislodged during rain events causing a decrease in their overall relative abundance.  
 
Interestingly, our data showed that the Niwot ridge treeline, had a distinct bacterial 
community despite being extremely close geographically to other sites, specifically the 
Niwot ridge forest site. An earlier study of endophytes in conifers at Niwot ridge also 
showed distinct communities between forest and treeline sites (Carrell and Frank 2014), 
suggesting that the differences in communities between those sites persist over time and 
is likely the result of site heterogeneity, such as soil pH and soil type. The environmental 
variables we found to be important in our data set (e.g., precipitation), however, do no 
explain the stark differences between the Niwot Ridge treeline and forest sites, as 
precipitation timing is expected to be similar in the two sites. Elevation partially 
explained the difference for a few taxa, but overall the variation is unexplained. Recent 
work found local environmental abiotic conditions (pH, rainfall and soil type) had a 
greater impact on the distribution of arbuscular mycorrhizal fungi than geographic 
distance (Hazard et al. 2013). It is likely that other factors such as soil nutrient status and 
pH, soil temperature, wind speed and direction, solar radiation, and surrounding 
vegetation are important drivers of variation. Seasonality has also been shown to 
influence microbial communities (Coleman-Derr et al. 2016), although since all samples 
were taken around the same time period this effect may be minimal in our data. Finally, 
drift—random changes in community structure due to stochastic immigration and death 
events—could be an important factor driving the variation in foliar microbiomes; drift is 
expected to be most important in low density, low richness communities that are 
frequently dispersed (Evans et al. 2017), and dispersal can increase beta-diversity due to 
variability in taxa arrival history and increased potential for community divergence via 
priority effects (Vannette and Fukami 2017).  
 
Contrary to other studies (Nissinen et al. 2012; Kembel and Mueller 2014; Laforest-
Lapointe et al. 2016b), host species was not a strong driver in either plant compartment, 
likely due to the close phylogenetic distance among host. species sampled here. In 
phyllosphere communities, host functional traits, such as wood density and leaf chemistry 
(nitrogen content), were strongly correlated with community structure (Laforest-Lapointe 
et al. 2016b); however, given the close phylogenetic distance of our sampled species, 
these are likely to be similar. Host species did have a greater effect in the endosphere 
community, suggesting a greater effect of host selection on the interior communities. 
There was a significant interaction between site and host species, which has been 
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previously reported for conifer endophytes (Carrell and Frank 2014; Carrell et al. 2016). 
Compared to previous studies of conifer endophytes, a more diverse overall community 
was found and the relative abundance of the family Acetobacteraceae was more variable 
among samples (Carrell and Frank 2014; Carrell et al. 2016; Moyes et al. 2016). 
Interestingly, the family Acetobacteraceae was found to be enriched in Colorado sites 
where previous sampling occurred, suggesting prior results may have been the result of 
limited sites. 
 
Our data suggest that foliar microbial communities are the result of aerial deposition, 
with endophytic compartments being colonized by phyllosphere community members. 
Microbial communities were not structured by geographic distance suggesting dispersal 
is not limited possibly due to the mode of transmission through the atmosphere. Site-level 
variations including recent precipitation events resulted in changes in bacterial 
communities. Host species showed very limited effect on the bacterial communities, 
probably due to the close phylogenetic distance of the host species sampled. It is likely, 
given aerial transmission of community members, that most foliar microbes are plant 
generalists. Although, some microbial community members may be better suited for 
specific host species, a specialist would overall fare poorly as deposition on only certain 
host species is unlikely.   
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5.7 Tables 
 
Table 5–1 Site locations for all samples and the dates the sample were taken.  

Site Latitude Longitude 
Elevation 

(m) 
Date 

Collected 
Mt. Pinos, CA 34.81 -119.14 2700 8/8/16 
Great Basin National Park, NV 39.00 -114.30 3153 9/26/16 
Valles Calderas National Park, NM 35.91 -106.48 2642 8/13/16 
Durango, CO 37.57 -107.81 2585 8/14/16 
Rocky Mountain Biological 
Laboratory, CO 

38.87 -106.93 2870 9/14/16 

Rollins Pass, CO 39.90 -105.59 2853 9/9/16 
Niwot Ridge (Forest Site), CO 40.05 -105.58 3060 9/5/16 
Niwot Ridge (Treeline Site), CO 40.04 -105.54 3430 9/5/16 
Rocky Mountain National Park, CO 40.40 -105.66 3361 9/12/16 
Medicine-Bow National Forest, WY 41.14 -106.04 2452 8/17/16 
Tie Siding, WY 41.22 -105.39 2586 8/16/16 
Shoshone National Forest, WY 44.31 -109.28 2496 8/25/16 
Big Horn National Forest, WY 44.81 -107.61 2598 8/23/16 
Custer State Park, SD 44.08 -103.62 1457 8/28/16 
Glacier National Park, MT 48.80 -113.64 1500 8/30/16 
Wallowa-Whitman National Forest, 
OR 

45.26 -117.18 2444 8/31/16 
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Table 5–2 PERMANOVA values based on weighted UniFrac distances for site, host 
species and plant compartment individually and their interactions 

 R2 P-Value 
Site 0.1553 0.0001 
Host Species 0.0353 0.0001 
Plant Compartment 0.0252 0.0001 
Interactions   
Site: Host Species 0.0496 0.0001 
Site: Plant Compartment 0.0430 0.0001 
Host Species: Plant Compartment 0.0115 0.001 
Site: Host Species: Plant Compartment 0.0169 0.057 

 
 
Table 5–3 PERMANOVA values for each plant compartment individually testing effect 
of site, host species and their interaction 

 R2 P-Value 
Endosphere   
Site 0.1711 0.0001 
Host Species 0.0492 0.0001 
Site: Host Species 0.0745 0.0001 
Phyllosphere   
Site 0.2285 0.0001 
Host Species 0.0455 0.0001 
Site: Host Species 0.0637 0.0001 

 

 
 
Table 5–4 Mantel test results for each plant compartment individually 

 r-values p-values 
Endosphere samples only 
Geographic distance -0.087 1.000 
Environmental variables+ 0.0994 0.0001 
Phyllosphere samples only 
Geographic distance 0.0226 0.967 
Environmental variables+ 0.1643 0.0001 
+Environmental variables are: ‘days since precipitation’ and 
‘amount of precipitation the day before sampling (in)’ 
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Table 5–5 Linear modeling results of core families for site, host species and plant compartment 
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Site 
CSP -0.46* NS -0.49** -0.57** 1.63*** -1.07*** -0.55* 1.66*** -0.57** 
DUR NS -0.76 *** 1.03*** NS NS -0.60* -0.41* 0.57** 0.40* 
GNP 0.63*** -0.48** NS NS NS -0.88*** -0.38* NS -0.30* 
GRBA NS NS NS 0.73*** NS -1.14*** NS NS NS 
MBNF -0.51** NS 0.35* NS 0.60** -0.68** NS NS NS 
MP -0.52* -0.76 ** NS NS 0.67** NS 0.58* NS NS 
NR_FOR 0.46** -0.49* NS NS NS -1.21*** NS NS NS 
NR_TL NS -0.46* NS 0.56** NS -0.77*** NS NS 0.42* 
RMBL 1.49*** -0.91*** NS -0.42* NS -1.01*** -0.49* NS NS 
RMNP 0.64*** -0.63** -0.37 * 0.34* NS -1.04*** -0.37* NS -0.33* 
RP NS NS NS NS NS -0.40* NS NS -0.37* 
SNF -0.79*** NS NS 0.48* 0.35* -0.40* NS NS NS 
TS 0.38* -0.49** NS NS -0.37* -0.83*** -0.52** NS NS 
VCNP 0.42* -0.57** NS 0.48* NS -1.14*** -0.41* 0.57** NS 
WWNF 0.44* -0.65 ** -0.37* NS NS -0.72** NS NS NS 
Host Species 
ABLA 0.61** NS NS -0.82** NS 0.54* NS NS 0.45* 
PICO NS NS NS NS 0.56** NS NS NS NS 
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PIFL NS NS NS NS NS NS NS NS NS 
PILO NS NS NS -0.82** NS NS NS NS NS 
PIPO NS NS NS NS NS NS 0.56* NS 0.72** 
PIEN NS NS NS -0.40* NS NS NS -0.43* NS 
PIGL NS -0.82* NS NS -1.44*** 0.94* 0.63* NS 0.79** 
PSME NS 1.38*** NS NS NS NS NS NS NS 
Plant Compartment 
Endosphere -0.25*** 0.11* 0.47*** 0.34*** -0.13* NS 0.47*** NS -0.15* 
N 949 949 949 949 949 949 949 949 949 
R2 (total) 0.46 0.40 0.17 0.26 0.35 0.46 0.24 0.43 0.12 
NS- Not Significant; *** p < 0.001; ** p < 0.01; * p < 0.05. Values listed are z-score transformed. Sites are labeled 
by initials: MP-Mt. Pinos, CA; GRBA-Great Basin National Park, NV; VCNP-Valles Calderas National Park, NM; 
DUR- Durango, CO; RMBL-Rocky Mountain Biological Laboratory, CO; RP-Rollins Pass, CO; NR_FOR- Niwot 
Ridge forest site, CO; NR_TL- Niwot Ridge treeline site, CO; RMNP- Rocky Mountain National Park, CO; MBNF- 
Medicine-Bow National Forest, WY; TS- Tie Siding, WY; SNF- Shoshone National Forest, WY;  CSP- Custer State 
Park, SD; GNP- Glacier National Park, MT; WWNF- Wallowa-Whitman National Forest, OR. Host species are 
labeled by initials: ABLA- Abies lasiocarpa; PICO- Pinus contorta; PIFL-Pinus flexilis; PILO- Pinus longaeva; 
PIPO- Pinus ponderosa; PIEN- Picea engelmannii; PIGL- Picea glauca; PSME- Pseudotsuga menziesii. 
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5.8 Figures 

 
Figure 5-1 Map showing the range of limber pine (in green) with sampling sites marked (A) and the species that were collected at 
each site (B). The numbers for the sites on the map (A) correspond to the same numbers on the species collections (B). Black 
squares indicate that species was collected at the site.

1

2

3

4

7

910

12
13

15

Pinu
s fl

exi
lis

Pinu
s c

on
tor

ta

Pinu
s p

on
de

ros
a

Pinu
s lo

ng
ae

va

Pice
a e

ng
elm

an
nii

Pice
a g

lau
ca

Pseu
do

tsu
ga

 m
en

zie
sii

Abie
s c

on
co

lor

Abie
s la

soi
ca

rpa

15. Wallowa-Whitman National Forest, OR

14. Glacier National Park, MT

13. Custer State Park, SD

12. Big Horn National Forest, WY

11. Shoshone National Forest, WY

10. Tie Siding, WY

9. Medicine-Bow National Forest, WY

8. Rocky Mountain National Park, CO

7. Niwot Ridge Tree line, CO

7. Niwot Ridge Forest, CO

6. Rollins Pass, CO

5. Rocky Mountain Biological Laboratory, CO

4. Durango, CO

3. Valles Calderas National Park, NM

2. Great Basin National Park, NV

1. Mt.Pinos, CAA B



	

	 	 	 	

102	

 

 

 
Figure 5-2 PCoA of weighted UniFrac distances separated by site. Each point represents 
the bacterial community for a sample. Sites are labeled by initials: MP-Mt. Pinos ,CA; 
GRBA-Great Basin National Park, NV; VCNP-Valles Calderas National Park, NM; 
DUR- Durango, CO; RMBL-Rocky Mountain Biological Laboratory, CO; RP-Rollins 
Pass, CO; NR_FOR- Niwot Ridge forest site, CO; NR_TL- Niwot Ridge treeline site, 
CO; RMNP- Rocky Mountain National Park, CO; MBNF- Medicine-Bow National 
Forest, WY; TS- Tie Siding, WY; SNF- Shoshone National Forest, WY; BHNF- Big 
Horn National Forest, WY; CSP- Custer State Park, SD; GNP- Glacier National Park, 
MT; WWNF- Wallowa-Whitman National Forest, OR. 
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Figure 5-3 Heatmap of the top 50 sequence variants ordered by greatest relative abundance in the Colorado sites. Each row is a 

sequence variant and each column is a sample. Sites are labeled by initials: DUR- Durango, CO; RMBL-Rocky Mountain 

Biological Laboratory, CO; RP-Rollins Pass, CO; NR_FOR- Niwot Ridge forest site, CO; NR_TL- Niwot Ridge treeline site, 

CO; RMNP- Rocky Mountain National Park, CO. Host species are labeled by initials: ABCO- Abies concolor; ABLA- Abies 
lasiocarpa; PICO- Pinus contorta; PIFL-Pinus flexilis; PIEN- Picea engelmannii; PSME- Pseudotsuga menziesii. 
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Figure 5-4 Pearson correlation plots of the top sequence variants (all in the family 
Acetobacteraceae) in the Colorado sites with elevation. (A) and (B) Are sequence variants 
most abundant in all Colorado sites except Niwot Ridge treeline. (C) and (D) are the two 
most abundant sequence variants at the Niwot Ridge treeline site.  R and p-values shown are 
for Pearson correlations.
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Figure 5-5 Average relative abundance of the core bacterial families. Each bar represents the average for that site, host species 
and plant compartment. Sites are labeled by initials: MP-Mt. Pinos, CA; GRBA-Great Basin National Park, NV; VCNP-Valles 
Calderas National Park, NM; DUR- Durango, CO; RMBL-Rocky Mountain Biological Laboratory, CO; RP-Rollins Pass, CO; 
NR_FOR- Niwot Ridge forest site, CO; NR_TL- Niwot Ridge treeline site, CO; RMNP- Rocky Mountain National Park, CO; 
MBNF- Medicine-Bow National Forest, WY; TS- Tie Siding, WY; SNF- Shoshone National Forest, WY; BHNF- Big Horn 
National Forest, WY; CSP- Custer State Park, SD; GNP- Glacier National Park, MT; WWNF- Wallowa-Whitman National 
Forest, OR. Host species are labeled by initials: ABCO- Abies concolor; ABLA- Abies lasiocarpa; PICO- Pinus contorta; 
PIFL-Pinus flexilis; PILO- Pinus longaeva; PIPO- Pinus ponderosa; PIEN- Picea engelmannii; PIGL- Picea glauca; PSME- 
Pseudotsuga menziesii.
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Figure 5-6 Pearson correlation plots for core families and environmental variables. Only 
statistically significant interactions are shown for (A) all samples or (B) Pinus flexilis 
only. 
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6 Conclusion  
	
 
The overall aim of my dissertation was to determine the abiotic and biotic factors that 
structure the foliar bacterial communities of conifers in the family Pinaceae. In Chapter 
two, I found that host age significantly structured bacterial communities, with seedlings 
hosting a different core microbiome than adult communities. Most bacterial community 
members in seedlings were genetically similar to soil strains, while adults contained 
strains similar to bacteria from air samples. This suggests differences in transmission 
routes which change with life stage, with soil being a more important source of microbes 
for seedlings than adults. I also found that seedling tissue types (root vs. shoot) contained 
different communities, although there was extensive overlap, which suggests that 
movement of taxa within the plant is common. Experimental watering altered the 
bacterial community, with enrichment of antifungal strains, in a tissue specific manner, 
suggesting recruitment of specific antifungal strains in the root tissues and subsequent 
transfer to aerial tissues. In Chapter three, I found that nutrient availability and host 
species structured foliar bacterial communities, suggesting that soil nutrient status may be 
a general driver of foliar bacterial community structure in conifers. The trees, growing in 
a coastal ecosystem, were still dominated by the core family Acetobacteraceae that have 
been previously identified in subalpine trees, suggesting that this group dominates the 
community across a range of environments (Carrell and Frank 2014; Carrell et al. 2016; 
Moyes et al. 2016). In Chapter four, I determined that needle age was an important factor 
in structuring foliar bacterial communities of adult conifers, although this was host-
species dependent. Overall, needle age was a strong driver of endosphere community 
structure than phyllosphere community structure with the most pronounced effect in the 
endosphere of Pinus longaeva which can retain its needles for up to 45 years. This 
suggests that both accumulation of taxa over time and host selection shapes the needle 
endophyte community. Finally, in Chapter five, I discovered that site, host species, and 
plant compartment were important drivers of foliar bacterial diversity across the native 
range of Pinus flexilis. Interestingly, the influence of site was not due to geographical 
distance, suggesting limited barriers to microbial dispersal, possibly due to aerial 
transmission. Environmental heterogeneity (such as soil pH and soil type) and varying 
abiotic factors across sites appear to be the strongest drivers of variation in the foliar 
microbiome, specifically recent precipitation events. It also possible that drift (stochastic 
dispersal events) explains some of the variation among sites. Future studies could address 
this by examining the correlations between foliar community turnover and environmental 
parameters. Host species explained a small amount of variation in the bacterial 
communities, suggesting most microbial community members are plant generalists.  
 
Together, these studies show that local environmental factors and dispersal mode are 
extremely important in structuring Pinaceae bacterial communities. Notably, in Chapters 
two and five, precipitation/soil watering events were one of the most influential 
environmental factors on community structure. These results are consistent with a 
previous study showing differences in bacterial communities of Agave in dry and rainy
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 seasons (Coleman-Derr et al. 2016), and work examining arbuscular mycorrhizal fungi 
across Ireland (Hazard et al. 2013). Additionally, fungal community diversity has been 
shown to be influenced by varying rates of precipitation across Texas (Giauque and 
Hawkes 2013) and Hawaii (Zimmerman and Vitousek 2012). Importantly, my work is the 
first to show the importance of precipitation on the bacterial communities of forest trees.
 
Furthermore, this work is also the first to show the importance of age, host, and tissue 
type on structuring the foliar bacterial communities of conifers. These results suggest 
differences in community assembly and ecological function across conifer life stages. 
While some studies have alluded to the idea that needle age may play a component in 
conifer community diversity (Laforest-Lapointe et al. 2016), this is the first work to 
demonstrate differences in community based on needle age. Fascinatingly, the effect was 
strongest in P. longaeva, which can retain its needles for up to 45 years suggesting, that 
host selection in pines is a weak process with the effects only seen after many years.  
 
Overall, this collection of work, provides support to previous hypotheses of foliar 
microbial community dispersal through the atmosphere. The immense overlap between 
taxa in the phyllosphere and endosphere hint at the idea of colonization of interior space 
through the stomata. Sequence similarity of both endophyte and phyllosphere community 
members to those found in air, dust and rain provide support for aerial transmission and 
colonization through the stomata. A lack of host species specialists suggests most 
members are generalists, which would be expected with aerial transmission. Although 
these ideas have been previously suggested (Carrell et al. 2016; Moyes et al. 2016), the 
number of sites, host species and the assessment of both plant compartments has created 
a greater body of  evidence to support these hypotheses.  
 
The results of this dissertation have addressed many of the knowledge gaps that currently 
exist in the area of plant-associated microbial communities, especially in long-lived 
plants, wild plants, and forest trees. Temperate forests are important natural resources 
that provide many beneficial functions such as, habitat for many animal species and other 
plant species, commercial uses (e.g., logging and tourism) and act as a sink for 
sequestering carbon. Recent work has shown phyllosphere communities stimulate plant 
productivity in forests (Laforest-Lapointe et al. 2017) highlighting the important role of 
microbial communities to forest ecosystems. My work gives a foundation for further 
understanding of plant-associated microbial transmission, and the factors driving 
microbial community composition in the foliage of temperate forest trees, facilitating 
future studies on how climate change will affect these communities and their host trees.  
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