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Abstract

The biogeography of soil microbial communities is changing in response to increased
anthropogenic disturbance, such as climate change. However, the response patterns of microbes
to these rapid and accelerating changes is poorly quantified, especially when compared with our
understanding of macroscopic aboveground response. The aim of this experiment was to
elucidate the colonization patterns of arbuscular mycorrhizal fungi (AMF) and dark septate
endophytes (DSE) along two mountain gradients in Colorado and New Zealand. | hypothesize
that, consistent with the observation that DSE are more tolerant of extreme conditions than AMF,
DSE colonization is higher at high elevation, and conversely, AMF colonization is higher at low
elevation. | scored stained root samples for fungal structures—the sample roots were collected
from high and low elevation sites in both the Gunnison Basin, Colorado and the Tongariro
National Park, New Zealand between 2014 and 2019. We found a significantly higher proportion
of DSE at the high elevation site in Colorado compared to the low elevation site in Colorado.
While there was a similar trend of an increasing proportion of DSE at the high elevation site in
New Zealand, the difference in colonization of AMF versus DSE at high and low sites was not
statistically significant. These data suggest AMF are more sensitive to environmental filters
while DSE are more adaptive to abiotic stress associated with increased altitude, and they add to

the growing body of work exploring the patterns and drivers of microbial biogeography.
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Introduction

The impact of anthropogenic global change factors, such as climate change, on
belowground microbial communities is under quantified when compared to aboveground
macroscopic response (Cavicchioli et al., 2019). This oversight is easily explained—it is dark
underground in the ‘black box’ of soil, and, thus, investigating the response of microbial
communities has proven largely intractable until recent decades brought significant advances in
DNA technologies (Fernandez and Kennedy, 2015; Tedersoo, 2017). That this hidden world of
microbes, sometimes referred to as the ‘unseen majority’, is often overlooked substantially limits
our understanding of how ecosystems function and are changing in response to anthropogenic
disturbance (Kivlin et al., 2013). As the term ‘unseen majority’ suggests, microbes, while
invisible to the naked eye, are astoundingly diverse and abundant—they constitute the
foundational life support system for the earth. For instance, microorganisms are crucial for
regulating carbon and nitrogen cycling (Cavicchioli et al., 2019). As global change continues to
accelerate at an unprecedented scale and pace, it is urgent that we track how microbial

communities are responding.

Gradients, such as mountain elevational gradients with rapid climatic shifts, are a
powerful tool for monitoring species biogeography, tracking species response to global change
factors, and disentangling broad-scale biodiversity mechanisms (McCain and Grytnes, 2010;
Tedersoo, 2017). There is a long history of elevational studies spanning back to prominent
biologists such as Linnaeus, Darwin, Wallace, and von Humboldt (Lomolino, 2001). While these
scientists were focused on noticing aboveground changes in diversity with altitude, mountain
gradients also help elucidate patterns of microbial biogeography and provide unique conditions

for untangling the relative importance of varying abiotic and biotic factors (Kivlin et al., 2017;
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Tedersoo, 2017). In addition to providing the opportunity to observe changes across elevational
gradients, mountains are biodiversity hotspots with particularly high belowground biodiversity
(Korner, 2004; Noroozi et al., 2018). Furthermore, mountains are especially sensitive to climate
change compared to other terrestrial environments, and mountain gradients improve our
understanding of threats to biodiversity from climate change (Becker and Bugmann, 2001). In
sum, mountains are ideal locations to ask ecologically relevant questions about microbial

biogeography and microbial response to global change factors.

Here, | explore impact of elevational gradients on the biogeography of two plant
associated fungal functional groups: arbuscular mycorrhizal fungi (AMF) and dark septate
endophytes (DSE). AMF are a thoroughly studied group of obligate plant symbionts; they are the
most common and universally distributed type of mycorrhizal fungi associating with the roots of
over 80 percent of vascular plants (Wang and Qiu, 2006). In addition to being pervasive, AMF-
host plant symbiosis is ancient—mycorrhizal fungi were found in a fossil of an Early Devonian
land plant (Remy et al., 1994) supporting the hypothesis that mycorrhizal fungi and host plant
mutualism was a key development facilitating plant terrestrialization 460 to 480 million years
ago (Pirozynski and Malloch, 1975). Compared to the plethora of knowledge concerning AMF,
DSE are a more obscure and elusive group of likely facultative plant associated fungi (Mandyam
and Jumpponen, 2005). DSE are found on over 600 plants worldwide and often co-exist with
other mycorrhizal fungi such as AMF (Jumpponen and Trappe, 1998). While DSE have a broad
distribution like AMF, their ecological relevance and the symbiotic status remain uncertain;
DSE-plant interactions range from mutualistic to parasitic (Jumpponen, 2001). DSE are
frequently found in plant roots in extreme or high stress environments such as receding glaciers

(Jumpponen et al., 1998), deserts (Wu et al., 2009; Xie et al., 2017), or the artic (Newsham et al.,
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2009). Their distinctive dark melanized septa and hyphae are thought to impart these fungi with
greater capacity to withstand stressors at high elevation such as cold temperatures or UV

exposure (Robinson, 2001).

By quantifying and analyzing observational data, the aim of this study was to explore
patterns of fungal biogeography across two geographically distinct mountain clines. The purpose
of this research was to untangle AMF and DSE root colonization patterns across two elevational
gradients in Colorado and New Zealand. | hypothesized that consistent with the observation that
DSE are more tolerant of extreme conditions than AMF, DSE colonization is higher at high
elevation, and conversely, AMF colonization is higher at low elevation. Overall, | predicted there

would be strong directional shifts in AMF and DSE colonization with elevational changes.
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Methods

During the summers of 2014, 2015, and 2016, soil cores were collected from low
(2740m; 38.71533333, -106.8226389) and high (3450m; 38.99158333, -107.0665556) elevation
sites and fungal colonization was quantified across plant species in the Colorado Rocky
Mountains, United States. In February 2019, Soil cores were also collected in New Zealand from
low (1070m; -39.2936333333333, 175.726294444444) and high (1610m; -39.2823972222222,
175.620894444444) elevation sites in the Tongariro National Park. Dr. Jeremiah Henning later
processed, stained, and mounted these New Zealand roots. Both the United State and New
Zealand sites have a two-degree Celsius change temperature average between the high and low

sites.

At the low and high elevation sites in Colorado and New Zealand, fungal colonization
was measured in at least 85 percent of the plant community as determined by relative cover. A
soil core was taken from beneath host plant species and the roots were extracted. Following field
sample collection and root extraction, roots were cleared with ten percent potassium hydroxide
(KOH) overnight in tissue cassettes (Brundrett et al., 1984; Vierheilig et al., 2005). Following
clearing, the roots were acidified for one hour in two percent hydrochloric acid (HCI). After
acidification, the roots were stained overnight at room temperature with a 0.01 percent w/v
trypan blue solution (Koske and Gemma, 1989). Once properly stained, the roots were mounted

horizontally onto glass microscope slides with polyvinyl-lacto-glycerol.

We scored the New Zealand slides for AMF and DSE fungal structures using a modified
version of the magnified intersection method (Mcgonigle et al., 1990). Using a compound
microscope at 40x magnification, we assessed a minimum of 50 random root intersections per

slide. We determined the overall colonization of AMF and DSE as the proportion of intersections
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containing AMF hyphae, arbuscules, hyphal coils, and vesicles, and DSE hyphae and

microsclerotia. We also scored the presence of fungal spores, soil pathogens, and oomycotes.

We used JMP ® 14.2.0 to perform statistical analyses. We ran a Shapiro-Wilk W Test to
test for normal distribution. Data distributed non-normally were log transformed. We also tested
for equal variances using Levene’s test. We then performed an unequal variance t-test comparing

the ratio of AMF to DSE at high versus low sites in Colorado and New Zealand.
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Figure 1. Map of low and high elevation sites for Colorado. Cinnamon Site (3450m;
38.99158333, -107.0665556) and Almont Site (2740m; 38.71533333, -106.8226389).
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Figure 2. Map of low and high elevation sites for New Zealand. Upper Site (1610m; -
39.2823972222222, 175.620894444444) and Lower Site (1070m; -39.2936333333333,
175.726294444444).
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Results

All types of fungal structures scored were observed across the high and low elevation
sites in both Colorado and New Zealand. All root samples except one were co-colonized with
AMF and DSE, although the extent of colonization varied with elevation. There were directional

shifts in the occurrence of AMF and DSE structures at high and low elevations at both sites.

For the New Zealand data, the ratios of AMF to DSE structures per slide were normally
distributed and with equal variance. The Colorado ratio of AMF to DSE were not normally
distributed—using a Shapiro-Wilk W Goodness-of-Fit Test we rejected the null hypotheses that
these data were normally distributed (W=0.982383, Prob<W 0.0127). We log transformed the
Colorado data to correct the distribution and meet the assumption of normal distribution. The
Colorado data had unequal variance—using a Levene’s test we rejected the null hypothesis of

equal variance (F ratio=20.6572, df=1, P-value<0.0001).

Both Colorado and New Zealand had a trend of a larger ratio of AMF to DSE at low
elevations compared to high, suggesting increased DSE colonization or decreased AMF
colonization at high elevation sites (Figure 3, Figure 4). For Colorado, we performed an unequal
variance t-test and found there was a significant difference between the ratio of AMF to DSE at
high and low elevations (t=5.343, df=113.012, P<0.0001) (Figure 3). For New Zealand, the t-test

results were statistically not significant (t=1.146, df=18.398, P=0.133) (Figure 4).
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Figure 3. Ratio of the percentage of AMF to the percentage of DSE at low (2740m) and high

(3460m) sites in the Rocky Mountains, Colorado. Low site (n=111) mean ratio is 3.141, and high
site (n=11) mean ratio is 0.680. T-test results (t=5.343, df=113.012, P<0.0001).
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Figure 4. Ratio of the percentage of AMF to the percentage of DSE at low (1070m) and high
(1610m) sites in Tongariro National Park, New Zealand. Low site (n=14) mean ratio is 0.914,
and high site (n=11) mean ratio is 0.714. T-test results (t=1.146, df=18.398, P=0.133).
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Discussion

In this study we assessed AMF and DSE colonization patterns of plant communities at
high and low elevation sites in the United States and New Zealand. We were interested in
understanding how these two fungal types respond to stressors along elevation gradients since
anthropogenic disturbance is rapidly shifting the stressor load for microbial communities and
subsequently changing the landscape distribution of AMF and DSE. Studying AMF and DSE
response to stressors is also important since these fungi are in symbiotic relationships with plants
and impact plant productivity, diversity, and overall ecosystem function. Furthermore, these
fungi can mitigate plant abiotic stressors associated with climate change such as heat and drought
(Compant et al., 2010; Kivlin et al., 2013). Studying fungal biogeography in mountains is ideal,
since mountains are microbial diversity hotspots experiencing particularly rapid climate change.
Across these two geographically distinct mountain ranges in this study, there was a similar trend
in increasing DSE colonization relative to AMF with higher altitude. These results were

consistent with our original hypothesis and in accordance with previous findings.

Previous research demonstrates that AMF and DSE respond differently to stressors in the
environment. Several studies found that AMF community diversity decreases at high elevation.
AMF are sensitive to environmental filtering from stressful abiotic and biotic conditions at high
elevation (Egan et al., 2017). In addition to decreasing diversity, elevation also changes AMF
abundance (Kaotilinek et al., 2017; Lugo et al., 2018; de Mesquita et al., 2018). Above certain
elevations, AMF are no longer found in plant roots (Kotilinek et al., 2017; Schmidt et al., 2008).
For instance, in a study quantifying AMF and DSE colonization in plant roots along an
elevational gradient (3400-6150m) in the Himalayas, AMF were not found above 5800m while

their host plants ascended to 6150m, while, DSE were found across the entire gradient (Kotilinek
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etal., 2017). While AMF were constrained by abiotic and biotic filters at high elevation, DSE
appear better adapted to the high stress load in these locations. DSE are often recorded in roots of
high elevation plants, where they partially or completely replace AMF colonization (Kotilinek et
al., 2017; Schmidt et al., 2008). In extreme ecosystems where AMF are environmentally filtered,
such as high elevation alpine ecosystems with slow nutrient cycling, DSE, typically considered
facultative, can act as surrogate mycorrhiza, enhancing phosphorous uptake (Kotilinek et al.,

2017).

Uncovering the hidden biogeography of microorganisms is a major frontier of ecological
inquiry today. Similar to aboveground macroscopic communities, microbial communities are
structured by a combination of interacting abiotic climatic variables (e.g. temperature,
precipitation), edaphic variables (e.g. soil pH, soil moisture, soil texture, nutrient availability)
and biotic factors (e.g. the host plant) (Kivlin et al., 2014; Ranelli et al., 2015). However, when
contrasted with aboveground mechanisms, belowground microbial community composition is
determined by a unique suite of interacting variables (Bryant et al., 2008); running against the
operating assumption that microbial communities are related to plant diversity, a litany of recent
scientific studies demonstrate that aboveground biodiversity is not correlated with belowground
biodiversity (Fierer et al., 2011; Hendershot et al., 2017; Prober et al., 2015; Tedersoo et al.,
2014). Untangling the relative importance of various abiotic and biotic factors on microbial
biogeography has proved challenging, and there is an ongoing scientific debate concerning how
microbial biodiversity is structured. Future studies should focus on elucidating how soil
microbial communities shift with altitudinal gradients and aim to untangle the unique suite of

varying abiotic and biotic factors structuring fungal biogeography. Consideration of biotic
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factors, such as plant-microbe interactions, are needed to make accurate predictions about the

impact of climate change on species distributions.
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