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Plant Microbiome Structure Across the Species Range of Mimulus Laciniatus

ABSTRACT

Plant microbiomes are an essential component of the plant host and are widely known to
ameliorate environmental stress response. In the California Sierra Nevada, the endemic cutleaf
monkeyflower (Mimulus laciniatus) is experiencing and adapting to various levels of stress
associated with climate change, however, it is unclear to what extent the M. laciniatus
microbiome is engaged in responding to this stress. This thesis aims to determine the
monkeyflower microbiome along with their growing substrate (moss or soil) across a steep
elevation gradient in the species range during the 2019 growing season. Specifically, we
collected monkeyflower plants and divided those collections into compartment subsamples
(roots, shoots, soil, and moss substrate) to assess the bacterial communities of each compartment
by 16S rRNA gene sequencing to answer the following: (i) Do the M. laciniatus endophyte
communities differ in composition and diversity across the M. laciniatus species range, and does
this composition vary by elevation? (ii) Does the M. laciniatus endophyte community differ
between plant compartments (e.g. root and shoot)? (iii) Do soil and moss, from which M.
laciniatus grows, serve as a source of M. laciniatus endophytes, and do soil and moss
communities vary in structure across the M. laciniatus species range? We found that the bacterial
community structure of both plant compartments (roots and shoots) and the substrate (soil, and
moss) differed across the range of M. laciniatus. Compartment strongly influenced bacterial
communities, supporting the idea that plant compartments provide micro-habitats for bacterial
communities. Elevation played a role in community variation when all samples were analyzed
together. When compartment subsets were analyzed separately, population and site (nested in
population) were significant drivers of variation in all four compartments. The differences
between sites and population may be explained by the effect on bacterial communities by local
climate, which could in turn reflect that the plant host selects beneficial microbes to support plant
responses to the local environment, leading to habitat-adapted symbiosis. Alternatively,
differences in bacterial community structure across the M. laciniatus species range could be due
to differences in the metacommunity of locally available bacterial taxa to colonize
compartments. This thesis highlights the importance of plant compartment and local climate or

metacommunity in shaping bacterial communities along the elevation gradient of plant species.
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INTRODUCTION

Plants growing in mountain habitats adapt to changing climatic conditions to increase their
chances of survival. As climate warming progresses rapidly, populations at lower elevations
experience warmer and dryer environments (Walther et al., 2005). In order to cope with these
environmental conditions, plant species exhibit range shifts as an adaptation response, shifting
from low elevations with warmer temperatures to higher elevations with cooler temperatures
(Chen et al., 2011; Walther et al., 2005). Plants species’ ability to respond and adapt to
environmental changes is linked to the plant’s genetics (Hamann et al., 2018). Often, those plant
species that adapt beyond their range display genetic plasticity, genetic variation, or both
(Huenneke., 1991). However, plants don't rely solely on their genetics to withstand stress, they
also rely on positive biotic interactions such as mutualistic relationships with microbial
communities (Shay et al., 2021; Wu et al., 2008). Understanding how plant genetics along with
their interactions with microbial species respond to climate change may be critical to predicting

plant species ' responses to climate change (Rudgers et al., 2020).

All plants have a diverse microbiome of fungi and bacteria colonizing their tissues as
endophytes, or the surface of leaves (i.e., the phyllosphere) or roots (i.e., the rhizosphere) (Berg
et al., 2014). Microbiomes play roles in maintaining plant health and increasing fitness, with
benefits ranging from nutrient uptake, hormone synthesis, and regulation to protect plant hosts
against pathogens (Prakash et al., 2015). Plant microbiomes are also increasingly recognized for
their role in mediating a range of plant responses to stressors, including those caused by extreme
weather conditions, such as drought and flooding (Lemanceau et al., 2017; Martinez-Arias et al.,
2022; Partida-Martinez & Heil., 2011). Another key property of microbiomes is that they are
generalists and often colonize the plant from the environment, which leads to variation in
microbiome composition and diversity across host species, space, and time (Compant et al.,
2021; Fitzpatrick et al., 2020; Stopnisek & Shade., 2021). Therefore, the microbiome can
provide a flexible buffer against plant stress, for both natural and agricultural plants experiencing

climate stress (Kannenberg & Phillips. 2017).



The edge of a species range, in particular, presents a stressful habitat for wild plants due to rising
temperatures and drought. Endophytes can help plants cope with this habitat stress (Afkhami et
al., 2014) Plants can recruit specific microbes for the purpose of alleviating stress (Compant et
al., 2019; Hardoim et al., 2015; Lemanceau et al., 2017), potentially leading to a higher
abundance of beneficial interactions at range limits. In some cases, plant-endophyte interactions
can cause some organisms to have a wider breadth of abiotic tolerance (Lata et al., 2018),
including variations in the climatic niche (Afkhami et al. 2014). This can rresult in theoretically
larger species ranges by expansion or stability in increasingly stressful environments, such as at
the warming edge of a species range. Although several studies have explored the potential for
endophytes to affect species ranges (Hille Ris Lambers et al., 2013; Van der Putten et al., 2010;
Wisz et al., 2013), few have explored how endophyte communities vary naturally across the

geographic range of a plant species.

Wildflower species belonging to the Mimulus genus serve as model systems for studying plant
adaptation due to their high genetic diversity (Wu et al., 2008). However, some Mimulus species
can also serve as model systems to help us understand microbial composition across host
populations. In a transplant study, Bowsher et al. (2020) showed that Yellow Monkeyflower
(Mimulus guttatus) displayed significant differences in rhizosphere community structure across
habitats, with higher diversity at inland, warmer ecotypes compared to coastal, cooler ecotypes
12/8/22 5:58:00 PM. However, there are still many unknowns remaining on how the plant

microbiome may contribute to plant adaptation to climate change across the host species range.

Mimulus laciniatus, or the cutleaf monkeyflower, is an ideal species for exploring these
questions. This plant species, which grows on moist, mossy areas on granite soil, is endemic to
the western slopes of the Sierra Nevada (Sexton et al., 2011). This western region is
characterized by its Mediterranean climate, with warm, dry summers and cold, wet winters;
however, over the last few decades, they have been experiencing increases in temperatures and
decreases in precipitation (del Pozo et al., 2019). This leads to climate stress for plant species at
the lower elevations of their natural range. Because Mimulus laciniatus occurs only in the
western slopes of the Sierra Nevada, it is increasingly being studied to understand plant species

range limits and climate change response (Dickman et al., 2019; Sexton et al., 2016). Its entire



species range occurs across an elevation-climate gradient covering different ecosystems, offering

a model system to study climate change stress at climate extremes in natural field conditions.

To investigate how endophyte communities vary across an elevation-climate gradient, we
surveyed M. laciniatus endophyte communities across the host species range, assessing two
potential drivers of microbiome community structure—plant compartment and population range.
We attempt to answer the following questions: 1. Do the M. laciniatus endophyte communities
differ in composition and diversity across the M. laciniatus species range and its elevation
gradient? 2. Does the M. laciniatus endophyte community differ between plant compartments
(e.g., root and shoot)? 3. Do soil and moss, from which M. laciniatus grows, serve as a source of
M. laciniatus endophytes, and do soil and moss communities vary in structure across the M.
laciniatus species range? To answer these questions, we collected samples at nine populations
within the M. laciniatus species range, spanning the low and high elevation edges of the species
range, which represent climatically stressful habitats, and including several interior populations
(Sexton et al., 2016). Samples were collected as a whole plant, including, soil, moss, root, and
shoot during the flowering stage. By sampling the wild plant, M. laciniatus, we aim to gain
insights into how endophyte communities are structured across a geographic gradient across the
entire species range during a single growing season and whether population range, compartment,

or both play a role in shaping these microbial communities.

METHODS

Experimental and Sampling Design
Populations of M. laciniatus were sampled across the species range in the California Sierra

Nevada during the growing season (April through September) in 2019. We sampled across a
wide elevation gradient within three regional categories that represent the warmest and coldest
peripheries and interior areas of the species range: at three sites of the warm-edge of the M.
laciniatus distribution (elevation 938-1352m), averaging 13.1 °C, at three sites within the interior
of the distribution (elevation 1376-2170m) averaging 9.8 °C; and at three sites of the cold-edge
of the distribution (elevation 2515-2922m) averaging 2.13 °C (refer to Table 1 for elevations and
geo-coordinates). At each established site (Table 1.), 10 plants were collected at least 5 meters

apart at each visit (3 visits total), totaling 270 plants at varying life stages, including flowering,



fruiting, and senescing. Samples were collected aseptically as a whole plant (shoot and root
tissue). Each individual plant was stored in sterile bags and transported to UC Merced on ice.
Growing substrate, which can be either soil, low-lying true mosses or vascular spike mosses,
which we collectively refer to as “moss,” or a combination of both, was collected for each
individual plant using the same techniques. Every collection had at least one substrate medium

although most had two.

At each site, we recorded the following: geo-coordinates, elevation, type of growing substrate,
plant height, plant life stage, and flower count. Plant fitness data were taken upon collection and
included the total number of flowers (as a proxy for annual lifetime fitness) (Sexton et al., 2016;
Dickman et al., 2019), height, and life stage (flowering, fruiting, or senescing). Soil and moss
substrate were measured to acquire the gravimetric water soil and plant substrate profile:
Gravimetric soil water content (%) = [mass of moist soil (g) — mass of oven-dried soil (g)/mass
of oven-dried soil (g)] x 100 (Schmugge et al. 1980). The substrate was then oven-dried at 105

°C and measured again after 24 hours.

Plant sterilization and DNA extraction

Within 48 hours of collection, plants were surface sterilized, and both plant tissues and soil/moss
substrate were homogenized to prepare for DNA extraction. We used chemical surface
sterilization following the protocol by Schultz et al. (1993) recommended for herbaceous plants:
Plants were first cleaned in a 70% ethanol bath for 30 seconds, followed by 0.5% bleach
(NaOCL) for 1 minute, and then a second 70% ethanol bath for 30 seconds, concluding with four
rinses with sterile, autoclaved water (Agbessenou et al., 2020; Schulz et al., 1993). The
effectiveness of surface sterilization was confirmed by plating sterilized leaves and final rinses
on agar (Schulz et al. 1998). After sterilization, every individual plant was separated into root
and shoot samples with a sterile razor at the point where the stem differentiated from the root.
Once separated, samples were flash-frozen in liquid nitrogen, mechanically grounded, and stored

in a -80 °C freezer.



DNA extraction and Sequencing

We next selected a subset of plants that were all sampled in the fruiting stage to continue with
microbial analysis, along with their soil and substrate moss (n= 258 samples; 71 plants with
shoot and root, and 1-2 substrate samples for 68 of those plants). We performed DNA extractions
using the DNeasy PowerSoil Pro Kits (Qiagen, Valencia, CA, USA) following the
manufacturer’s protocol. To assess the quality of extractions and quantify DNA concentration
from each sample, we utilized the Qubit dsSDNA high sensitivity kit (Thermo Fisher Scientific,
Wilmington, Delaware USA). Extractions ready for library preparation were then stored at -20

°C.

We performed PCR amplification on samples following the Earth Microbiome Project (EMP)
16S Illumina Amplicon Protocol. We used the primer pair 515F/926R (Parada et al., 2016;
Quince et al., 2011) with Peptide Nucleic Acid (PNA) added to suppress the amplification of
chloroplast and mitochondrial DNA (Lundberg et al., 2013).To start library preparation, we
checked and visualized the quality of the amplified DNA for each sample through gel
electrophoresis. Amplified DNA from each sample was diluted to 20 ng ml™! and pooled for
paired-end amplicon sequencing. The pooled library was purified to remove excess of unwanted
material, following the Agencourt AMPure XP protocol (Beckman Coulter, Inc. California, CA),
and sequenced on an Illumina MiSeq at the University of California Davis, Genome Center

(Davis, CA) using 2 x 250 bp paired-end chemistry.

Sequence Processing

Initial processing of demultiplexed data was performed using the QIIME2 (v.2020.2.0) package
(Bolyen et al., 2019). Reverse reads were discarded due to low sequence quality. We used the
DADAZ? pipeline (Callahan et al., 2016)to quality filter forward reads and detect amplicon
sequence variants (ASVs). Chimeras were removed, and ASVs were assigned taxonomy using
the Silva database (Robeson et al., 2020). ASVs assigned to mitochondria, chloroplast, and
Eukarya were filtered out using QIIME2. Representative sequences were aligned using the
program MAFFT (Katoh & Standley, 2013), and a maximum-likelihood phylogenetic tree was
built using FastTree (Price et al., 2010). The remaining data analysis was done using R (v.4.2.0;

RStudio Team, 2020), and the phyloseq package (v.1.18.0; McMurdie & Holmes, 2013).



Putative contaminants introduced during DNA extractions and PCR were removed using the
package decotam (v.1.14.0; Davis et al. 2018) with the ‘isContaminant’ function
(method=prevalence) using our blank (no DNA for PCR and no sample for extraction). We
disaggregated samples for each plant compartment (shoot, root, soil, and moss substrate) using
the function ‘subset samples’ from the phyloseq package. Abundance plots in Class taxonomic
rank for shoot, root, soil, and moss substrate were built using the microbiome package (v.1.18.0;
Lahti et al, 2012-219) with the ‘aggregate rare’ function. To begin the statistical analysis, we
normalized the data through cumulative sum scaling using the metagenomeSeq package

(v.1.38.0; Paulson et al, 2013).

Statistical Analysis

All statistical tests were performed in RStudio (v.4.2.0; RStudio Team, 2020). Rarefaction
analysis was performed on all samples and subset samples with the ‘rarefy even depth’ function
from the phyloseq package. We used the vegan package (v.2.6-2) (Oksanen, J. et al., 2007) to
analyze alpha- and beta diversity. For alpha diversity, we calculated observed species and
Shannon diversity, and used the Kruskal-Wallis rank sum test with the coin package (v.1.4-2;
Hothorn et al, 2006) to test for statistical significance among samples. To investigate the
relationship between bacterial community composition and compartment (shoot, root, soil
substrate, moss substrate), elevation, population (warm, interior, cool), and site (nested in
population) we used the adonis2 function in the vegan package to performed a non-parametric
multivariate statistical permutation test (PERMANOVA) (Anderson, 2001) and Bray Curtis
dissimilarity matrix. Beta diversity was visualized via principal coordinate analysis (PCoA) on

Bray-Curtis distances.

RESULTS

Overview of Taxonomy. Shoot tissue and root tissue showed the lowest bacterial diversity,
consisting of four main orders including Pseudomonadales, Burkholderiales, Rhizobiales, and
Sphingomonadales. However, Sphingomonadales (5 %) dominate in shoot tissue along with
Rhizobiales (15% %) while Burkholderiales (10%) dominate in root tissue also with Rhizobiales
(20%) (Figure 1). Moss substrate and soil showed higher diversity compared to plant tissue

(shoot and root), with soil having the highest. Soil and Moss substrate were dominated by two



orders with high relative abundance, including Burkholderiales (7% for moss and 8% for soil)
and Rhizobiales (9% for moss and 12 % for soil) (Figure 1). These were followed by the class
orders Chitinophagales (6%) in moss substrate and soil, and by Frankiales (6%) in soil. We
observed more differences in the relative abundance of bacterial orders across populations in
plant samples (root and shoot) than in substrate samples (soil and moss). The relative abundance
at the Order level, also differed between sites at each plant compartment, particularly in root and
shoot tissue compartments. For example, Rhizobiales dominated roots in warm-edge sites but not
at the interior or cool-edge sites. The relative abundance of orders in soil and moss was more

similar across warm-edge, interior, and cool-edge sites.

Alpha Diversity. Using the observed and Shannon diversity indices, we tested the effects of
plant compartment and population (low warm-edge, interior, high cool-edge) on alpha diversity.
Alpha diversity was significantly different among compartments (Kruskal-Wallis test,
p=0.00978), with the highest diversity observed in soil and moss substrate bacterial
communities, followed by root and shoot (Figure 2; Table 2). Diversity was not significantly
different among populations, including when compartments were analyzed separately (Table 2),
although Alpha diversity was slightly higher in all compartments in the low warm-edge
populations (Figure 2).

Beta Diversity. Next, we tested the effect of plant compartment and population on bacterial
community variation. Plant compartments significantly structured endophytic bacterial
communities. To capture the variation explained by compartment, population site (nested in
population range), and elevation across all samples, we used permutational multivariate analysis
of variance (PERMANOVA) on a weighted UniFrac distance matrix. Our results revealed that
when all samples were analyzed together, all four factors structured the bacterial communities,
but elevation was the strongest driver of variation effect (R?= 0.29929), explaining a third of the
variation across samples. We then divided samples into two distinct groups—plant tissue (shoot
and root) and growing substrate (soil and moss). For both plant tissue and growing substrate, all
four factors still structured bacterial communities with elevation remaining a strong driver of
variation effect for both groups (R?= 0.53462; R>= 0.56211 respectively). However, elevation

was not a strong driver of variation effect at each compartment subset (Table 4). At the subset



level for shoot, root, and moss substrate, population range and site were significant drivers of
variation. Shoot in particular, displayed high Beta diversity, whereas soil had no significant

drivers of variation.

To observe bacterial community structure, we generated a principal coordinate analysis (PCoA)
based on Bray Curtis dissimilarities for all plant compartments, capturing a total variation of
12% between all samples (8.4% explained by Axis 1 and 3.6% explained by Axis 2). We
observed an overlap between all plant compartments with low inter-variability between them.
However, soil and moss substrate showed the lowest intra-variability within samples (Figure 3),

and shoot samples showed the highest intra-variability between samples.

We then divided the dataset, to further investigate variation across the population range at each
compartment. Shoot tissue showed the highest total variation of 20.7% (Figure 4) with high
intra-variability within samples in all population ranges. Root tissue showed a similar trend with
low inter-variability between population ranges but captured a lower total variation of 11.4%.
Both soil and moss substrate showed lower inter-variability between samples at the cool edge
and high inter-variability at the warm edge. Additionally, samples at the interior edge had low

inter-variability with those at the warm edge.

DISCUSSION

In our study, we sampled root and shoot endophyte communities of Mimulus laciniatus in the
fruiting stage, along with growing substrate (moss, soil, or a mix of both) across three
populations (warm, interior, cool) in its species range distribution in the Sierra Nevada Mountain
range. We found that compartments (shoot, root, soil, moss substrate) shaped bacterial
community composition. Overall community variation was influenced strongly by elevation.
When compartments were analyzed separately, communities were structured by population and

site, but not elevation.

Soil and moss communities showed higher diversity than endophytic communities. This is an
expected result for soil, given that plant rhizosphere (soil surrounding plant tissue), is known to

host highly diverse bacterial communities compared to plant tissue (Rosenblueth & Martinez-



Romero, 2006). Endophyte communities were composed of known plant-associated orders,
including Rhizobiales, Spingomonodales, Pseudomondales, and Spingomondales. Soil
communities also consisted of taxa orders commonly represented in soil belonging to the
Rhizobiales, Burkholderiales, Frankiales, and Kineosporiales. Although moss substrate
communities shared similar taxa with those in soil, we observed a higher relative abundance of
the order Cyanobacteriales in moss compared to soil. The presence of this bacterial order in
moss substrate was not surprising due to the known symbiosis between cyanobacteria and moss
species (Rousk et al., 2013). However, it was unexpected to observe the presence of this
nitrogen-fixing bacteria in shoot tissue since they are not common members of the plant
microbiome. We suggest that moss act as a vector of transmission of bacterial endophytes to

plant tissue, although this has yet to be studied.

Alpha and beta diversity varied across compartments. Although, soil bacterial community had
the highest alpha diversity, whereas shoot displayed the lowest diversity, we found that beta
diversity (turnover of taxa among samples) was the highest in shoot, followed by root and moss,
and soil which had the lowest beta diversity. We speculate that the possible presence of soil
traces in moss samples contributed to lower beta diversity in moss compared to shoot and root.
Additionally, the colonization of leaves from surrounding air tends to be stochastic (Maignien et
al., 2014; Stegen et al., 2012; Zhou & Ning, 2017) and may depend less on soil and substrate
communities, which could explain higher variation among shoot than root communities.
Endophyte communities in root might also be selected by the plant host in response to the local
environment. Roots in particular recruit specific taxa— usually those beneficial to the plant host—
— in response to stress (Bucci, 2015; Hartmann et al., 2009; Singer et al., 2019). For example,
roots of Arabidopsis thaliana have been shown to recruit beneficial bacteria as a defense
mechanism (Lebeis et al., 2015). However, to our knowledge recruitment of specific taxa has not

been shown in the above-ground plant endosphere.

We found that elevation was the strongest driver of variation when all samples were analyzed
together, explaining a third of the variation. When plant (shoot and root) and substrate (soil and
moss) were analyzed separately, elevation explained half of the variation in both (R?= 50%; R?>=

57% respectively). However, when shoot, root, soil, and moss were analyzed separately,



elevation was a strong driver of variation for shoot and root, but not in soil or moss. It is possible
that shoot and root endosphere are colonized by locally climate-adapted bacterial communities
selected by the plant. However, it is still not definitive if elevation per se or climate and/or other
factors may co-vary. We suggest that incorporating the Mantel test would allow us to further
investigate the effect of geography and climate on bacterial endophytes. Moreover, other studies
show no clear trend in soil bacterial communities with elevation. Soil bacterial composition in
mountainous regions has been shown to be more strongly correlated with surrounding vegetation

rather than elevation (Looby & Martin, 2020).

In addition to elevation, population (low-warm edge, interior, high-cool edge) and site (nested in
population) were also significant drivers of variation for both endophyte and substrate bacterial
communities. Population and site were significant drivers of variation when plant (shoot and
root) and substrate parts (soil and moss) were analyzed separately. Additionally, when
compartments (shoot, root, soil, and moss) were analyzed separately, population and site were
significant drivers for all compartments. However, site nested in population had a stronger effect
than compartment when samples were analyzed together. Interestingly, site nested in population
also had a stronger effect than compartment on plant parts analyzed separately, suggesting that
substrate type could be a more important factor in shoot and root community variation, possibly
as a result of colonization of plant parts from soil or moss. On the other hand, compartment had a

stronger effect on substrate compared to site.

We observed differences in community structure in both plant parts and substrate types across
the range of M. laciniatus. Differences between sites and populations could be explained by the
effect on bacterial communities by local climate. It could reflect habitat-adapted symbiosis,
where plants partner up with the most beneficial microbes to support them in the local
environment (Baltrus, 2020). Furthermore, it could also reflect varying dispersal patterns across
populations and sites, leading to different source pools of microbial communities available to
colonize (Carper et al., 2018). For example, the rhizosphere microbiome composition of Mimulus
guttatus displayed differences between ecotypes (warm inland vs. cool coastal), suggesting that
local environment influenced rhizosphere communities (Bowsher et al., 2020). In this transplant

study, the local environment at each site shaped bacterial communities, whereas plant host had a

10



weaker influence on microbiome composition. Additionally, similarly to our results, alpha
diversity was higher at the warmer sites (inland ecotype) compared to the cool coastal sites.
These results were in part due to different abiotic factors at each site, however, in our results we
did not take into account abiotic factors in each population. We suggest that in future studies, the
effect of abiotic factors on bacterial endophytes across a plant species range should be
considered to further understand how plant microbiome composition is structured across a plant
species, in addition to an indicator species analysis to explore significantly associated bacterial

families with the plant, at particular sites and populations.

CONCLUSION

It is widely recognized that plants depend on microbial communities to respond to environmental
stressors. Yet, it is poorly understood how microbes help plants alleviate these stressors,
particularly across climate gradients in mountainous regions. To our knowledge, this is one of
the first studies to look at the effects of a climate gradient on plant-associated bacteria across an
herbaceous plant host species’ range, that spans a very wide environmental gradient. Here, we
explored the bacterial community structure and composition of Mimulus laciniatus across its
elevation gradient along the California Sierra Nevada. By collecting M. laciniatus plant parts
(shoot and root) along with their corresponding substrate type (soil and moss), we revealed that
compartment was the main predictor of bacterial community composition across all samples and
at the subset level. Whereas, elevation was the main predictor of overall bacterial community
structure, and at the shoot and root subset. Population and site were the main drivers of variation
for soil and moss substrate. Here, we observed differences in community structure in both plant
parts and substrate types across the range of M. laciniatus suggesting that local factors could be
important predictors of bacterial communities across population. These differences could reflect
the effects on bacterial communities by local climate, local adaptation between plants and
microbes and local source of microbial communities available to colonize across sites. We
suggest that including temperature and vegetation type data in future studies could further our
understanding of how local climate shapes interactions between bacterial communities and plant

host in the wild.
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TABLES AND FIGURES

Position | Population (Code) Elevation (m) | Latitude Longitude | County
Low Yosemite Forks (ZP) 938 37.38136 -119.66533 | Madera
Low Highway 168 (HW) 1024 37.24300 -119.24300 | Fresno
Low Hetch Hetchy (HH) 1352 37.89389 -119.84903 | Tuolumne
Interior | Wawona Tunnel (WA) | 1376 37.71429 -119.67638 | Mariposa
Interior | Grand Bluff (GB) 1670 37.07225 -119.23030 | Fresno
Interior | Jackass Meadow (JM) | 2170 37.50694 -119.33867 | Madera
High Tenaya Lake (TL) 2515 37.83631 -119.45561 | Mariposa
High Mammoth Edge (ME) | 2815 37.69477 -119.09480 | Madera
High Pear Lake (PL) 2922 36.61323 -118.66703 | Tulare

Table 1. Population, climate, and geo-coordinates for each sampling site.
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Figure 1. Relative abundances of bacterial orders in root, shoot, soil, and moss substrate across

sites.
Observed Shannon
8.
6000-
o
> o
@ ]
@ i
= 4000- o
z :
2 ! . l
g . !
= L
0 2000- 4 '
© | 2. ¢
_g- . &
= .
< °
T

Low
High -
Low

Interior -
Interior -

Population

N I ([ J

)Y ¢

]

High -

Compartment

® Root
Shoot
® Soil
® Moss Substrate

Figure 2. Observed and Shannon alpha diversity indices colored by compartment (root, shoot,

soil, and moss substrate) across Populations (low, interior, high).

23



Sample Group Effect of | Chi-Square df P-value
All Population 4.1249 2 0.1271
Compartment | 11.393 3 0.00978
Shoot Population 0.062156 2 0.9694
Root Population 0.048912 2 0.9758
Moss Substrate | Population 3.9683 2 0.1375
Soil Population 1.0996 2 0.5771

Table 2. Results of the Kruskal-Wallis rank sum test from the effect of population and
compartment on all samples and the effect of population on each compartment subset.
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Figure 3. Principal coordinate analysis (Bray-Curtis distance index) plots for visualization of
community structure between plant compartments.
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community structure across Population for each compartment subset (shoot, root, soil, moss

substrate).

Sample group Variable Bray Curtis Dissimilarity R?

All Compartment 0.06505***
Population 0.02697
Site nested in population [0.04617
Elevation 0.29765***

Plant (root, shoot) Compartment 0.04006***
Population 0.03916***
Site nested in population |0.07834%**
Elevation 0.50755%**

Substrate (soil, moss) [ Compartment 0.01847***
Population 0.04539%***
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Site nested in population |0.08135%**

Elevation 0.57308***

Root Population 0.0486%**

Site nested in population [().11069%**

Elevation 0.85846*

Shoot Population 0.08069%*%**

Site nested in population |0.1452%*%*

Elevation 0.88277**

Soil Population 0.06836*

Site nested in population ]0.15321%*

Elevation 0.89447

Moss Substrate Population 0.06146*

Site nested in population |(.10981*

Elevation 0.89845

Table 3. Results of PERMANOVA analysis for all samples, Plant and Substrate, and individual
compartments (shoot, root, soil, and moss). *** p<0.001, ** p<0.01, * p<0.5, NS p>0.1.
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